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GENERAL INTRODUCTION 
Dormancy in yellow foxtail florets at maturity plays an important 
role in the persistence of this annual weed by spreading germination out 
over several different growing seasons and preventing it entirely during 
unfavorable growing periods. Although previous research has elucidated 
many factors which relieve dormancy in yellow foxtail florets, the 
physiological basis by which dormancy is imposed and released remains 
little understood. 
The primary objective of this dissertation was to establish the 
physiological basis of caryopsis dormancy in yellow foxtail. Specifically, 
the approach taken was to elucidate the mechanism of dormancy release 
by the technique of embryo excision and compare, at the ultrastructural 
level, dormancy release by this method with dormancy release mediated 
by stratification. A further goal was to determine if inhibition of 
storage triacylglyceride degradation in the imbibed caryopsis is the 
probable metabolic block which causes caryopsis dormancy in yellow 
foxtail. 
Part I of this dissertation outlines the methods for calculation 
of a new germination index that is derived solely from biologically 
significant parameters. The primary goal was to incorporate into a 
single, statistically amenable value the total germination percentage 
and the germination rate. 
Part II examines the metabolism of storage triacylglyceride during 
the first six days after imbibition onset in both dormant and nondormant 
yellow foxtail caryopses. The primary objective was to relate changes 
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in total saponifiable lipid and individual fatty acid classes with 
changes in fresh weight, dry weight, lipase activity, and free fatty 
acid content. 
Part III elucidates the factor responsible for the release of 
caryopsis dormancy by the procedure of embryo excision. In addition, 
ultrastructural differences and similarities between release from 
caryopsis dormancy by this procedure and that mediated by stratification 
are identified. Part IV extends the findings of Part III by testing 
the hypothesis as to whether caryopsis dormancy can be attributed to 
the differences in the susceptibility of endosperm starch to amylolytic 
digestion. 
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GENERAL LITERATURE REVIEW 
Taxonomy and Morphology 
Yellow foxtail (Setaria lutescens (Weigel) Hubb., also identified 
as Setaria glauca (L.) Beauv.) is a common but serious weed in a number 
of cultivated crops and geographic locations in the continental U.S. 
(Schoner, Norris, and Chilcote, 1978). Phenotypic relationship of yellow 
foxtail relative to other foxtail taxa appears to be distinct and shows 
dissimilarities both in morphological and chemotaxonomic characteristics 
(Williams and Schreiber, 1976). A number of biotypes have been identi­
fied (Schoner et al., 1978). The morphology and ultrastructure of the 
mature yellow foxtail floret has been previously described (Rost, 1970, 
1971a, 1971b, 1972, 1973, 1975; Rost and Lersten, 1970, 1973; Rost and 
Simper, 1975). 
Innate Dormancy Characteristics of Mature Florets 
Yellow foxtail florets are typically dormant at maturity, i.e., 
they fail to germinate under conditions normally considered optimal for 
germination (Nieto-Hatem, 1963). Some evidence suggests that florets 
maturing early in the growing season show less innate dormancy than 
those maturing later. The effect appears to be unrelated to photoperiod. 
Nieto-Hatem (1963) was the first to demonstrate that innate dormancy in 
mature yellow foxtail florets was separable into two types, (1) that 
which is associated with the hulls (lemma and palea) and (2) that which 
is associated with the caryopsis. In a single floret, both of these 
types of dormancy may be expressed simultaneously or separately (Kollman, 
1970). 
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Hull dormancy 
The physiological basis of hull dormancy is not understood. The 
presence of hull dormancy has not been associated with any easily dis­
cernible morphological characteristic such as hull color (Nieto-Hatem, 
1963; Rost, 1975). Dormancy does not appear to be caused by impermea­
bility of the hulls to water, since florets exhibiting hull dormancy 
take up similar amounts of water as nondormant florets (Nieto-Hatem, 
1963; Kollman, 1970). Hull dormancy could be caused by a restriction 
of oxygen supply to the embryo, but such a hypothesis has not been 
investigated. It has been suggested that hull dormancy is caused by 
inhibitors present in the hulls themselves (Kollman, 1970). This 
hypothesis is based primarily on the observation that leaching of hulls 
with cold water (2° C) relieves hull dormancy (Kollman, 1970). However, 
water leachates of hulls from florets expressing hull dormancy are not 
significantly inhibitory to germination of nondormant caryopses (Nieto-
Hatem, 1963). Thus, the inhibitor hypothesis of hull dormancy is cur­
rently unsubstantiated. Hull dormancy can also be relieved by simply 
physically removing the lemma and palea or by other treatments which 
appear to destroy the integrity of the hull itself (Nieto-Hatem, 1963; 
Biswas et al., 1970; Kollman, 1970). For example, Kollman (1970) has 
demonstrated that acid scarification effectively removes hull dormancy. 
Presumably under soil conditions, hulls are degraded by microbial activ­
ity, although this also has not been experimentally verified. Regard­
less of the precise mechanism, it is apparent that hull dormancy is 
rapidly relieved under soil conditions since most florets shed in the 
fall germinate the following spring (Stoller and Wax, 1974; Dawson and 
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Bruns, 1975). The biological significance of hull dormancy is that, in 
a small percentage of shed florets, hull dormancy persists even after 
extended periods in the soil. This persistence of hull dormancy ensures 
species survival even if the majority of a single season's production 
is lost by the occurrence of some cataclysm the following growing season 
(Dawson and Bruns, 1975). Even though the percentage of florets exhibit­
ing hull dormancy for a particular season may be small, over time 
their numbers contribute greatly to the total soil reservoir. On the 
basis of results obtained by Sells (1965) and Kollman (1970), 20-40% of 
the total florets present in the top 15 cm of a cultivated soil may 
exhibit hull dormancy. Why hull dormancy persists in some florets and 
not others under similar soil conditions remains an open question. 
Caryopsis dormancy 
The second type of innate dormancy expressed in mature yellow fox­
tail florets is known as caryopsis dormancy. In the wild, caryopsis 
dormancy is usually relieved by stratification, i.e., extended exposure 
of the imbibed caryopsis to chilling temperatures (Nieto-Hatem, 1963; 
Stoller and Wax, 1974). The effect is readily demonstrated under lab­
oratory conditions as well (Nieto-Hatem, 1963; Kollman, 1970). When 
the chilling temperature is held constant, dormancy release is optimal 
between 5-10^  C and is typically completed after about 10-16 weeks of 
stratification (Nieto-Hatem, 1963; Kollman, 1970). Thus, under natural 
conditions, most florets shed in the fall are released from caryopsis 
dormancy by mid-winter, but are apparently prevented from germinating 
because of the cold temperatures (Sells, 1965). This is commonly referred 
6 
to as enforced dormancy, i.e., dormancy imposed by some external con­
straint or environmental limitation. This nomenclature is somewhat 
unfortunate since naturally stratified florets are no longer dormant by 
mid-winter in the innate sense, but rather quiescent due to the low 
temperatures. Floret depth in the soil appears to have little effect 
on the efficiency of stratification to relieve caryopsis dormancy 
(Nieto-Hatem, 1963; Stoller and Wax, 1973, 1974), However, florets 
deep in the soil (e.g., as a result of cultivation or plowing) may remain 
quiescent even with warmer soil temperatures presumably due to other 
factors such as low oxygen concentrations (Sells, 1965). Such quiescent 
florets may remain viable in the soil for considerable periods of time 
(Darlington and Steinbauer, 1961). 
Imbibition has been demonstrated to be an absolute requirement for 
the stratification effect (Nieto-Hatem, 1963), suggesting that release 
from dormancy may require the operation of conventional metabolic path­
ways. There is little evidence to suggest that innate dormancy in 
yellow foxtail is relieved during after-ripening, i.e., extended storage 
in the unimbibed state at room temperatures and at relatively low rela­
tive humidities (Stoller and Wax, 1974). This contrasts with another 
common Gramineae weed, wild oats (Avena fatua). where innate dormancy 
is rapidly relieved by after-ripening (Naylor and Simpson, 1961). 
However, relatively short periods of unimbibed storage under high rela­
tive humidity has been shown to relieve some innate dormancy in yellow 
foxtail (Nieto-Hatem, 1963). Again, a moisture requirement for dormancy 
release is indicated. The only reported situation where release from 
innate dormancy occurs in the unimbibed floret at low relative humidities 
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is the novel technique known as accelerated after-ripening (Taylorson 
and Brown, 1977). Accelerated after-ripening is achieved by heating 
unimbibed florets at high temperatures (55-60° C) for extended periods 
of time in sealed chambers. The physiological basis of dormancy release 
by this technique is moot, especially since it apparently does not 
require that oxygen be present. However, anaerobic respiration is 
apparently operative during this procedure (Taylorson, 1978). 
Presently, there appear to be no differences in the levels of simple 
metabolites or ultrastructure that can be ascribed to dormancy imposition 
in unimbibed caryopses. Furthermore, caryopsis dormancy does not appear 
to result from a generalized state of metabolic repression, but rather 
from a specific metabolic block. Upon imbibition, initial rates of 
oxygen uptake are similar for both dormant and nondormant caryopses up 
to the time of first visible growth (Nieto-Hatem, 1963). Similar ultra-
structural changes are shared by both dormant and nondormant caryopses 
such as initiation of embryo protein body degradation (Rost, 1971b, 1972). 
Although a few ultrastructural differences have been observed between 
dormant and nondormant caryopses prior to germination, most of these 
differences are quantitative rather than qualitative in nature (Rost, 
1971b, 1972). Furthermore, it was impossible to differentiate on the 
basis of these differences, which were primarily associated with dormancy 
release and which were associated with simply germination (Rost, 1971b, 
1972). 
Several previous investigators have concluded that caryopsis dormancy 
is not caused by an Inherent dormancy of the embryo since embryos excised 
from dormant caryopses germinate readily. Nieto-Hatem (1963) was the 
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first to observe this response with excised embryos cultured on a com­
plete medium. Rost (1971b, 1975) reported that the release from dormancy 
also occurred in excised embryos in the absence of exogenous nutrients. 
Although these experiments suggest that the embryo is not inherently 
dormant, the basis for dormancy release by this procedure has not been 
thoroughly investigated. Specifically, it is not clear from these 
experiments whether the release from dormancy is the direct result of 
physical excision, or some other factor facilitated by physical excision 
such as increased oxygen exchange or loss of an inhibitor. 
Several investigators have suggested that caryopsis dormancy is 
caused by an unfavorable balance between the endogenous content of 
abscisic acid and gibberellins (Kollman, 1970; Rost, 1971b; Kollman and 
Staniforth, 1972). This inhibitor-promoter hypothesis is based primarily 
on the effect of exogenous applications of these ti70 plant hormones on 
the germination of dormant and nondormant caryopses. Exogenous applica­
tions of gibberellins have been shown to relieve caryopsis dormancy, 
whereas exogenous application of abscisic acid has been shown to prevent 
germination in nondormant caryopses (Kollman, 1970; Kollman and Staniforth, 
1972). Rost (1971b, 1975) reasoned that, since embryos excised from 
dormant caryopses germinate readily, abscisic acid was probably not con­
centrated in the embryo, but in the caropsis coat. As evidence for this 
hypothesis, he demonstrated that removal of the coat layers overlying 
the embryo in an otherwise intact dormant caryopsis resulted in a sub­
stantial increase in germination. Although the inhibitor-promoter 
hypothesis of caryopsis dormancy is credible, there are a number of 
observations that do not substantiate it. First, imbibition of 
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nondormant caryopsis in the presence of exogenous abscisic acid does not 
prevent swelling of the embryo axis and partial growth and differentiation 
of the coleorhiza, events which do not occur in imbibed, but dormant 
caryopses (Kollman, 1970; Kollman and Staniforth, 1972). This suggests 
that, while abscisic acid is certainly inhibitory to germination, this 
inhibition is on processes that occur later in the germination sequence 
than those that are inhibited by dormancy imposition. Also, leaching 
with water (Kollman, 1970) or brief rinsing with organic solvents 
(Nieto-Hatem, 1963) have been shown to be ineffective in relieving 
caryopsis dormancy in yellow foxtail when such treatments are highly 
effective in other seeds such as cotton (Ihle and Dure, 1972) and wild 
rice (Zizania aquatica L.)(Albrecht. Oelke, and Brenner, 1978) where 
the role of abscisic acid in dormancy is more thoroughly documented. 
Secondly, there is clear evidence that the levels of gibberellins are 
not suboptimal in the embryo. The fact that dormancy release by embryo 
excision occurs in the absence of exogenous gibberellins and that gib-
berellin synthesis inhibitors do not inhibit the germination of non-
dormant caryopses (Kollman, 1970) certainly supports such a conclusion. 
The biological significance of caryopsis dormancy in yellow foxtail 
can be ascribed to the prevention of germination prior to periods when 
it would be unlikely that the life cycle would be successfully completed. 
In temperate climates, two such periods exist, (1) either in the 
late summer or (2) in mid-winter. Seedlings established in the late 
fall would succumb to the freezing temperatures of winter, whereas, 
seedlings established in mid-summer would be unlikely to compete effec­
tively with existing vegetation for light, water, and minerals. The 
selection pressures against such suicidal germination during either of 
these periods is obviously great since it is rarely observed in the wild 
(Stoller and Wax, 1973). As mentioned above, caryopsls dormancy is 
present in mature florets as they are shed In the fall. Thus, germina­
tion prior to winter is prevented. During the chilling temperatures of 
fall and early winter, caryopsls dormancy is relieved by stratification. 
Stratified florets are thus ready to germinate in the spring with the 
warmer soil temperatures and many do. Some florets, however, remain 
quiescent due to enforced dormancy. By mid-summer, caryopsls dormancy 
is again induced in these quiescent florets preventing germination 
(Sells, 1965). Such Induced caryopsls dormancy is maintained until it 
is presumably relieved again by stratification the following fall. Thus, 
the process of induction and release from caryopsls dormancy is repeated 
from one season to the next. The physiological basis by which caryopsls 
dormancy is Induced in quiescent florets is not known. The fact that 
yellow foxtail is common over such a large geographical area Illustrates 
how remarkably effective caryopsls dormancy is in terms of an adaptive 
strategy to the temperate climate. 
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PART I, A NEW GERMINATION INDEX BASED ON BIOLOGICALLY 
SIGNIFICANT PARAMETERS 
12 
INTRODUCTION 
As an individual event, seed germination represents a discrete 
occurrence, i.e., it either occurs or it does not. Thus, the observation 
of the germination event is rather straightforward once a criterion for 
germination has been established. However, investigators are usually 
interested in the germination capacity of a particular population of 
individuals, rather than the individual itself. Thus, many of the dis­
creet parameters of an individual are more easily described as a con­
tinuum when applied to the whole population. This dichotomy has per­
plexed investigators for over half a century in terms of the most 
appropriate method for describing the germination of a seed population. 
The simplest approach and the one most widely used is to calculate 
the average percentage germination for some time Interval, preferably 
after the onset of imbibition. It was recognized early that this value 
by Itself was inadequate to describe the dynamics of germination, since 
it indicated little about either the rate of germination or the varia­
tion in rate within a particular seed population. To overcome this 
deficiency, several measures of germination rate have been proposed. 
Kotowskl (1926) suggested that germination rate be defined by a "coef­
ficient of germination velocity" which was in fact 100 times the recipro­
cal of the mean time to achieve maximum germination (Heydecker, 1973). 
More recently, Thronberry and Smith (1955), George (1961), and Maguire 
(1962) have defined germination rate in essentially simplified versions 
of Kotowskl's "coefficient." None of these measures has gained wide­
spread acceptance primarily because they are not directly related to any 
unique time interval. As a result, they are all somewhat abstract and, 
therefore, difficult to interpret. They have been criticized also for 
their failure to account for variation in the rate of germination, i.e., 
a measure of dispersion around some mean time to germination. However, 
Heydecker (1973) has demonstrated that Kotowski's "coefficient" can be 
utilized in the formulation of a "coefficient of uniformity of germina­
tion," which does measure variation about the mean time to reach 50% 
of the maximum germination achieved. 
The first measures of germination rate to be actually based on the 
mean time to germination were those of Libbert (1963; as quoted by Nichols 
and Heydecker, 1968) and Tucker and Wright (1965). These investigators 
determined the time to reach 50% of the maximum germination achieved by 
fitting a least squares regression line to their cumulative germination 
data. Their "regression indices" were a significant improvement over 
earlier measures since they represented for the first time a realistic 
measure of germination rate that was easily understood. The concept of 
measuring germination rate by the mean time to 50% of the maximum germina­
tion achieved is still currently accepted practice, although the derivation 
of the mean time by least squares regression has been supplanted by either 
the methods of moments or of quartiles (Nichols and Heydecker, 1968). 
Early attempts (Czabator, 1962; Timson, 1965) to create a single 
index of germination that incorporated into one value both the maximum 
germination percentage achieved and the mean time to reach 50% of the 
maximum were received with severe criticism. The problem with these 
early indices was that they did not consider the variation in germina­
tion rate and thus were subject to gross misinterpretation. As Heydecker 
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(1966) and Goodchlld and Walker (1971) have demonstrated, it was possible 
to obtain with these indices identical values for seed populations of 
widely different germination patterns. 
The index of Timson (1965) was significant, though, because it was 
based on approximating the area under a cumulative germination curve. 
Thus, it was sensitive to differences between seed populations in terms 
of the maximum germination achieved, but not in terms of different rates. 
Subsequent modifications of Timson's index have been made by other 
investigators (Lyon and Coffelt, 1966; Negm and Smith, 1978), but neither 
of these solve the problem of accounting for differences in germination 
rate in a meaningful manner. For example, Lyon and Coffelt's (1966) index 
represented the area under a germination curve as a ratio of the total 
"area of a rectangle of which one dimension represents 100 per cent 
(germination) and the other dimension represents the time-duration of 
the experiment." Obviously, this variation does nothing to overcome the 
problems associated with Timson's index since it simply divides Timson's 
index by a constant. 
Perhaps as a result of the inadequacy of these earlier indices, many 
investigators have resorted to simply presenting their data as fitted 
cumulative germination curves (e.g., Goodchild and Walker, 1971; Janssen, 
1973). Many modeling strategies have been used such as polynomial regres­
sion (Goodchild and Walker, 1971), normal distribution function (Janssen, 
1973), autocatalytic function (Hageseth, 1974), Gompertz equation (Lapp 
and Skoropad, 1976), and logistic function (Schimpf, Flint, and Falmblad, 
1977). Although each procedure has its advantages, it is clear that 
whichever modeling procedure is chosen, it should not be based on 
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predetermined assumptions about the shape of the germination curve. 
For example, the modeling strategies used by Janssen (1973) and Schimpf 
et al. (1977) are based on the assumption of symmetrically shaped 
germination curves and thus have difficulty handling many positively 
skewed germination curves (Nichols and Heydecker, 1968). 
It would seem that a number of biologically significant parameters 
could be obtained from fitted germination curves, but, unfortunately, 
previous investigators have failed to fully recognize and exploit them. 
For example, Schimpf et al. (1977) determined, using the logistic 
function, the y-intercept for the germination curves of several weed 
seeds. These investigators failed to recognize that the biologically 
significant intercept is that of the x-axis, which would represent the 
onset of germination. Schimpf et al. (1977) did report the maximum 
germination achieved, which is of course biologically significant, but 
they derived this value directly from their observations rather than 
from the equations of their fitted curves. In contrast, Lapp and Skoropad 
(1976) derived both the maximum germination percentage achieved and the 
time to achieve it from the Gompertz regression equation. However, 
neither of these investigators attempted to incorporate several biolog­
ically significant germination parameters into a single index that was 
amenable to statistical analysis. 
The purpose of this study is to outline the methods for obtaining 
a new numerical index of germination from several biologically significant 
parameters. It will be demonstrated that this index and the parameters 
from which it is derived are easily amenable to statistical analysis and 
solve many of the problems inherent in previously proposed indices. 
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MATERIALS AND METHODS 
Seed 
Yellow foxtail florets were harvested locally in September 1974 
and designated yellow foxtail seed lot 47. Collection was from wild 
populations growing in grain production fields. Florets were stored 
at 10° C in a dry cloth bag until use. 
Germination Procedure 
Caryopses were dissected away from hulls by hand and dusted with 
Vitavax (Uniroyal Chemical, 0.94 mg carboxin + 0.94 mg thiram/g caropsis). 
An experimental unit consisted of fifty caryopses imbibed and incubated 
in the dark at 25° C in 12 ml of test solution in a covered 9 cm petri 
dish between two, roughly hexagonal-shaped sheets of Rapaco blue blotter 
paper (Rochester Paper Co., Rochester, Mich.). Replications consisted 
of petri dishes stacked in random order within humid clear-plastic 
crispers which were spatially separated on growth chamber shelves. 
Experimental design was a completely randomized block with four repli­
cations. Cumulative percent germination was recorded daily in fluorescent 
light and caryopses were scored as germinated if the radicle had pene­
trated the coleorhiza and there was visible elongation of the coleoptile. 
Method for Calculation of Germination Index and Related Parameters 
Cumulative germination percentages were collected for each treatment 
until there were no further increases in a reasonable period of time. 
Thus, total collection time varied depending upon the individual treat­
ment. Once cumulative germination data had been collected, the observa-
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tiens for each replication were modeled separately as some function of 
days after the onset of imbibition. Only those observations represent­
ing active change were used in the modeling procedure. The specific 
modeling strategy chosen is somewhat arbitrary so long as it does not 
assume that the germination curve will have a particular shape and that 
it can produce a smooth curve over the interval investigated. For this 
study, a stepwise regression procedure (Barr et al., 1976) was chosen 
that gave satisfactory results. For a detailed discussion of stepwise 
regression, the reader is referred to Draper and Smith (1966). 
In essence, the stepwise procedure selects a model that uses only 
those independent variables which contribute more than a specified mini­
mum toward reducing the unaccountable variation of the dependent vari­
able y, i.e., cumulative percent germination. In this case, the inde­
pendent variable was a power series of the one independent variable x 
(days after the onset of imbibition) up to the (n-l)th degree...where 
n equals the total number of individual observations that were collected 
for a given treatment. However, based on my own experience, limiting 
the selection process to the sixth degree was adequate for fitting most 
cumulative germination data. It was also specified that the sum of 
squares contribution of each included variable to the total sum of 
squares due to regression be significant at the 5% level of probability. 
With the stepwise regression procedure, a smooth-curved function 
of a higher degree (but with fewer variables) can be obtained over a 
given interval than is possible, as for example, an orthogonal polynomial 
procedure of the same degree. Although statistically more defined, the 
orthogonal polynomial procedure was not used, since, by definition. 
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variables are added to the model without reexamination of previously 
added variables. Thus, with higher degree orthogonal polynomials, the 
procedure frequently includes variables in the model which contribute 
little to the total regression sum of squares. In graphic terms, such 
models produce curves that are forced to weave through the data due to 
the inclusion of these superfluous variables and are thus unacceptable. 
Thus, for the jth treatment (j = 1,2...k) with n replications, 
suitable functions f(x)j^ , f(x)^ 2» • •-fW were obtained by the stepwise 
regression procedure. Several germination parameters were then calcu­
lated from these functions and their hypothetical relationship to one 
another is graphically illustrated in Fig. 1. 
The onset of germination (a) in number of days after the onset of 
imbibition was defined for the ith replication of the jth treatment as 
a.. = X, when f(x)., = 0. ji Ji 
Therefore, the mean onset of germination for the jth treatment (a^ ) 
equalled 
n 
The time to maximum germination (b) in number of days after the 
onset of imbibition was defined for the ith replication of the jth 
treatment as 
bjj^  = X, when f'(x)j^  = 0. 
Thus, the mean time to maximum germination of the jth treatment (by) was 
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. 1. Schematic diagram illustrating a hypothetical cumulative 
germination curve and its relationship to the germination 
parameters described in the text. The equation of the 
curve is y = f(x) where y represents percent germination 
and X represents some time interval after imbibition onset. 
The symbol A represents the area under the germination 
curve between the. onset of germination (a) and the time 
interval (b) to reach maximum germination (Gt). The time 
to reach 50% of the maximum germination is indicated by 
the symbol T50 
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given by 
n 
R b. = 
n 
Maximum germination percentage (G^ ), i.e., the germination percen­
tage at b, was defined for the ith replication of the jth treatment as 
Sj i  = f (*) j i '  = t j i -
The mean maximum germination percentage (G^ ) for the jth treatment was, 
therefore, 
n 
G. . = 
bj n 
Although not essential for calculation of the germination index, 
the time to 50% of the maximum germination achieved (T^ Q) could be cal­
culated from the maximum germination percentage achieved (G^ ). This 
would be defined for the ith replication of the jth treatment as 
Tgoji = X, when f(x).. = G^.^/2 . 
Thus, the mean time to 50% of maximum germination achieved (T^ )^ for 
the jth treatment would equal 
n 
50j ~ n 
The area under the germination curve (A) between the onset of 
germination (a) and the time to maximum germination achieved (b) was 
defined for the ith replication of the jth treatment as 
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*ji " /, «"'ji • 
*ji 
Therefore, the mean area under the germination curve (A) between the 
onset of germination and the time to maximum germination was defined 
for the jth treatment as 
E /" , 
1=1 * ji 
f • 
A simple germination index was calculated from the above parameters. 
This germination index (GI) was defined for the ith replication of the 
jth treatment as 
GIji - c Jf(x)j^ /bj^  , 
where c is an empirically derived constant selected by the investigator. 
The mean germination index (GI) for the jth treatment was, therefore, 
e,ua.to 
1?1°% 
: • 
Determination of the constant c may be approached from several 
different perspectives to suit the needs of the investigator. In one 
approach, suppose that the objective was to utilize seed germination 
as a bioassay vehicle to evaluate various treatments. In this typical 
situation, c would be set to the mean time to the maximum germination 
achieved of some control treatment. This approach would essentially 
weight the index in terms of treatment effects on the rate of germination. 
For example, consider that, as a result of a particular treatment, the 
time to maximum germination was twice the value obtained for the control. 
Assuming for the sake of simplicity that the other parameters were equal, 
this delay would reduce the value of the germination index for this 
particular treatment exactly one-half relative to the control value. 
In the exact opposite situation, where the time to maximum germination 
was only half the value obtained for the control as the result of a 
particular treatment, then the value of this treatment germination index 
would be twice as large as that of the control. If a particular treat­
ment had no effect on the time to maximum germination achieved relative 
to the control value, then the germination index would reflect only the 
area under the germination curve between the onset of germination and 
the time to maximum germination. This value is itself weighted by the 
value of the maximum germination percentage achieved. For example, 
the higher the value of maximum germination is, then the higher the 
area under the germination curve and thus the value of the germination 
index will be. The opposite situation would have just the opposite 
effect, i.e., to lower the value of the germination index. 
As an alternative approach, suppose the objective was to compare 
the germination of a new seed lot with those previously tested. In 
this situation, c would be set to the average time to reach maximum 
germination for those seed lots previously tested. Setting c to this 
value would sensitize the germination index to differences between the 
germination rate of the new seed lot relative to the average of those 
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previously tested. This approach would also be applicable where the 
objective was to evaluate the effect of "minor" modifications in testing 
procedure or conditions. 
Example of application of the germination index 
The germination index and the parameters from which it is derived 
can be analyzed individually by standard statistical procedures. By 
way of illustration, this was done for the effect of KNOg on the germina 
tion of a particular seed lot of yellow foxtail (Table 1). The actual 
cumulative germination for a ten-day period after the onset of imbibi­
tion for all treatments is shown in Fig. 2. The value c was set to 
seven days since this was the approximate time to maximum germination 
of previously tested yellow foxtail seed lots under similar conditions. 
The grand mean time for time to maximum germination was 10.1 days, 
which was substantially slower than that of other yellow foxtail seed 
lots previously tested (c = 7 days). This delay was undoubtedly due 
to the fact that, although the same amount of solution was added to 
the dishes as in previous tests, the blotter papers that absorbed the 
excess were smaller. Thus, the water level was superoptimal and had 
an inhibiting effect on germination...possibly by restricting gas 
exchange. This condition probably contributed to the large variation 
between experimental units since the blotter papers, besides being 
smaller, were not all exactly the same size. 
As a result of this large variation between experimental units, 
treatment effects as indicated by the germination index and related 
parameters were only marginally significant (Table 1). The two highest 
Table 1. Effect of potassium nitrate on the germination parameters of yellow foxtail seed. Fifty 
dehulled caryopses (seed lot 47) were Imbibed in the dark at 25° C. Experiment was con­
ducted in November, 1978 
[KN031 b3 V I' 
mM Days % 
0 1.87a 11.36a 49.92ab 354.58a 193.85ab 
10 1.93a 9.73a 68.06a 354.58a 252.48a 
25 2.71b 9.50a 57.25ab 243.39a 178.87ab 
50 2.84b 9.82a 42.23b 187.67a 131.31b 
CV (%) 15.67 32.38 22.23 65.87 29.98 
T^feans within columns followed by the same letter do not differ at the 5% level of probability 
according to Duncan's multiple range test. 
Mean onset of germination, in days. 
3 
Mean time to maximum germination, in days. 
4 Mean maximum germination achieved, as %. 
M^ean area under germination curve, as % x days. 
M^ean germination index, as % x days; c = 7 days. 
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Fig. 2. Effect of potassium nitrate on the cumulative percent 
germination of yellow foxtail seed lot 47. Prediction 
equations (Appendix A, Table A3) are based on pooled 
observations 
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levels of KNOg did cause a significant delay in the onset of germination, 
but had no effect on the time to maximum germination. Low levels of 
KNOg had a slight stimulatory effect on germination as evidenced by 
both a higher maximum germination achieved and larger germination index 
value (reflecting a faster rate). Higher levels of KNO^  were either 
without effect (25 mM) or slightly inhibitory (50 mM) by the same cri­
teria. As a result of variation between replications, the area under 
the germination curve was not a sensitive index of these differences 
among treatments. 
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DISCUSSION 
Previously proposed germination indices that were based on the 
area under a cumulative germination curve (Timson, 1965; Lyon and Coffelt, 
1966; Negm and Smith, 1978) have been severely criticized because they 
were not sensitive to differences in germination rate (Heydecker, 1966; 
Goodchild and Walker, 1971). The germination index presented in this 
study solves this problem by incorporating into the index an empirically 
derived rate constant which is sensitive to differences in germination 
rate. Determination of this rate constant is achieved in a simple, 
flexible manner to suit the objectives of the investigator. Since the 
germination index is derived solely from biologically significant param­
eters, comparison among different investigators would be facilitated 
and would entail only simple transformation from one rate constant to 
another. An additional advantage is that this germination index, as 
well as all the parameters from which it is formulated, is amenable to 
standard methods of statistical analysis and comparison. Finally, 
although this index was designed specifically for seed germination, it 
could be easily adapted to a wide variety of other situations where 
responses accumulate over time up to some maximum. 
One possible disadvantage to this germination index is that its 
computation requires that the user have access to an appropriate, com­
puterized modeling procedure. However, this may not represent a problem 
for many users, since such procedures (e.g., stepwise regression) are 
already generally available (Barr et al., 1976). 
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Low levels of nitrate and several of its reduced forms have been 
shown previously to have a stimulatory effect on the germination of 
yellow foxtail as well as other seeds (Hendricks and Taylorson, 1974). 
Current evidence suggests that this stimulation results from a shifting 
of glucose metabolism away from the Embden-Meyerhof-Parnas pathway to 
the pentose phosphate pathway (Roberts, 1969, 1973; Hendricks and 
Taylorson, 1975; Taylorson and Hendricks, 1976). Roberts (1973) has 
demonstrated that such a shift in metabolism accompanies the loss of 
seed dormancy induced by a variety of chemicals and conditions. 
The mechanism by which nitrate and several of its reduced forms 
affects this metabolic shift is subject to dispute. Roberts (1973) 
proposes that nitrate, acting through reduced forms, inhibits conven­
tional respiration by inhibition of the hemaprotein cytochrome oxidase. 
Roberts postulates this inhibition would spare molecular oxygen for 
another, unidentified, cyanide-insensitive oxidase system involved in 
the oxidation of NADPH^ . The increase in NAD? would presumably promote 
the pentose phosphate pathway since availability of NADP appears to be 
the only factor limiting its operation. 
Hendricks and Taylorson (1975) objected to this proposal since 
they claimed that the levels of nitrate required to overcome dormancy 
were not inhibitory to respiration, but were sufficient to inhibit the 
enzyme catalase. They proposed that inhibition of catalase would spare 
hydrogen peroxide for yet another, quinone-mediated, oxidase system 
coupled to the oxidation of NADPH^  (Taylorson and Hendricks, 1976). 
As with the scheme of Roberts (1969, 1973), this increase in the avail­
ability of reduced NADP would promote the metabolism of hexose by the 
29 
pentose phosphate pathway and in the process alleviate dormancy. Pre­
sumably, high levels of nitrate and its reduced forms would be inhibitory 
to germination due to a direct, continual inhibition of conventional 
respiration via inhibition of the transfer of electrons to the terminal 
cytochrome oxidase. 
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PART II. LIPID METABOLISM IN DORMANT AND NONDORMANT CARYOPSES 
OF SETARIA LUTESCENS AFTER IMBIBITION 
31 
INTRODUCTION 
Degradation of lipid reserves In germinating Gramlneae caryopses 
has received relatively little attention relative to oleaginous seeds. 
This Is not surprising since the apparent lipid content of Gramlneae 
caryopses is generally perceived as low (about 6%), even though the 
range of lipid content for the Family as a whole may reach as high as 
20% (Earle and Jones, 1962; Jones and Earle, 1966; Barclay and Earle, 
1974). It is less frequently appreciated that as much as 30% or more 
of total lipid in a Gramlneae caryopsls may be present in the germ 
(including the embryo axis and scutellum) which by itself usually 
accounts for less than 4% of the fresh weight of the caryopsls (MacLeod 
and White, 1961). Although it is clear that reserve lipid (primarily 
triacylglycerlde) is degraded during the germination of an Intact Gramln­
eae caryopsls, some confusion exists as to the extent and pattern of 
this degradation. For example. Dure (1960) reported that the total 
lipid content of maize scutellum declined about 56% during the first 
three days after the onset of Imbibition with about 73% of the loss 
occurring within the first 24 hours. In contrast, Ingle, Beevers, and 
Hageman (1964) reported a 60% decline in maize scutellum lipid during 
the first five days after imbibition onset, but the major loss was not 
observed until at least 48 hours. Tavener and Laidman (1972a) observed 
a similar delay in the onset of degradation of scutellum lipid in germi­
nating wheat grains. The decline In lipid content thereafter correlated 
closely with the first measurable increases in lipase activity in that 
tissue. However, unlike the scutellum, lipid losses in the embryo axis 
and endosperm were evident shortly after imbibition onset. With the 
exception of the endosperm, which contained the most lipase activity 
during germination, losses of lipid in the embryo axis and bran appeared 
to commence ahead of measurable increases in lipase activity. Tavener 
and Laidman (1972b) observed that the induction of lipase in the wheat 
endosperm required both RNA and protein synthesis and appeared to be 
controlled by the level of glutamine suggesting an interaction of lipid 
and protein metabolism in that tissue. Drapron et al. (1969) found 
that most of the lipase activity in the embryo axis of germinating wheat 
was associated with the plumule. 
In contrast to wheat and maize, the extent of lipid degradation 
during the germination of barley and yellow foxtail appears to be less 
extensive. MacLeod and White (1961) reported that the total lipid 
content of barley gem declined about 33% during the first 5.5 days 
after imbibition onset. Most of the losses in lipid content occurred 
four days after the onset of imbibition and correlated closely with the 
earliest measurable increases in lipase activity. However, this pat­
tern of lipid loss is somewhat confusing since the initiation of lipid 
degradation in the barley scutellum appears to begin earlier, about 
20-24 hr after the onset of imbibition (MacLeod and Palmer, 1966). 
Rost (1971b, 1972) found that the lipid content of nondormant yellow 
foxtail florets also decreased about 33% during the first five days 
after imbibition onset with the greatest losses beginning after about 
48 hr. Lipid content of imbibed, dormant yellow foxtail florets 
remained constant during the same interval. 
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This study provides the first extensive investigation of lipid 
metabolism in germinating as well as dormant caryopses of yellow foxtail. 
It is demonstrated that the extent of lipid degradation in germinating 
yellow foxtail is relatively small and appears to be closely correlated 
with the activity of an alkaline lipase. In addition, results presented 
here confirm previous reports by Rost (1971b, 1972) that imbibition 
alone is insufficient to initiate reserve lipid degradation in dormant 
caryopses. Finally, these results are discussed and interpreted in 
terms of the hypothesis that the rapid availability of carbohydrate to 
the embryo as a result of endosperm degradation during germination has 
an inhibitory effect on the assimilation of reserve triacylglyceride 
in the embryo itself. 
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MATERIALS AND METHODS 
Microscopy 
Yellow foxtail caryopses were trimmed to small cubes of tissue 
in a drop of fixative on sheets of dental wax. Tissue pieces were 
fixed 2 hr at 10° C followed by 4.5 hr at 22° C in a mixture of 2% 
(w/v) paraformaldehyde and 2.5% (w/v) glutaraldehyde in 0.1 M phosphate 
buffer pH 7.4. Tissue pieces were then rinsed (3X) for 20 min in buffer 
and either dehydrated immediately through an ethanol series into 
propylene oxide or post-fixed first in 1% (w/v) osmium tetroxide for 
about 5 hr at 22° C. Tissue was embedded in Spurr's epoxy resin 
(Spurr, 1969) and sectioned with glass knives on a LKB model III 
ultramicrotome. Thin-sections were stained with uranyl acetate (Watson, 
1958) and lead citrate (Reynolds, 1963) prior to viewing on either a 
Hitachi model HU-llC or model HS-8 electron microscope. 
Seed 
Yellow foxtail florets were harvested locally in September 1974 
(seed lot 44) and August 1976 (seed lot 83) from wild populations grow­
ing in separate grain production fields about 16 km apart. Seed lots 
were stored in dry cloth bags at 10° C until use. Mean fresh weight 
per floret, caryopsis, and embryo for both seed lots are presented in 
Table 2. 
Dehulling Procedure 
Caryopses were freed from lemma and palea by a modification of 
the procedure of Johnston and Stein (1957). About 30 g of florets were 
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Table 2. Mean fresh weight of mature yellow foxtail florets, caryopses, 
and embryos 
Seed lot Floret Caryopsis Embryo' 
mg/part 
44 3.76 + 0.02 2.11 + 0.02 0.336 + 0.006 
83 3.39 + 0.02 2.07 + 0.01 0.475 + 0.011 
Includes axis, scutellum, and overlying portions of pericarp, 
testa, and aleurone layer. 
+ 95% confidence limits. 
dried at 35° C for 3 days to a moisture content below 5%. Dried florets 
were chilled for one min with an equal volume of crushed dry ice and 
blended (Waring) briefly. Caryopses were physically screened from intact 
florets and the whole process repeated until a majority of the florets 
were dehulled. Caryopsis vigor was optimal if the freezing of conden­
sation on dehulled caryopses was minimized by placing them, immediately 
after screening, into a 30° C forced air oven. Hull fragments were 
separated with a seed blower and undamaged caryopses sorted out by hand. 
Caryopses were dusted with Vitavax (Uniroyal Chemical, 0.94 mg carboxin 
+ 0.94 mg thiram/g caryopses) and stored overnight in a humid atmosphere 
at 25° C. Moisture content changes of seed lots undergoing this pro­
cedure are summarized in Table 3. 
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Table 3. Moisture content of yellow foxtail florets and caryopses 
during dehulling procedure 
-Sr .SL ggr 
Percent moisture 
44 17.4 4.9 6.9 13.9 
83 6.5 4.4 5.9 12.9 
B^ased on difference between initial weight and weight after drying 
24 hr at 105° C. 
Germination Conditions 
The experimental unit for all treatments consisted of 100 dehulled 
caryopses imbibed as described in the methods section of Part I. Cir­
cular disks of Ropaco blue blotter paper were used in place of hexagonal-
shaped sheets. Cumulative percent germination was recorded daily (for 
10 days) in fluorescent light for each seed lot and germination param­
eters calculated as described in Part I. Experimental design for cumula­
tive germination experiments was a completely randomized block with five 
replications. 
Lipid Extraction and Analysis 
Caryopses imbibed for use in lipid analysis were lyophlllzed and 
stored frozen under until use. For convenience, collection of samples 
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from each seed lot were separated in time by about four weeks. This 
delay did not appear to affect any experimental outcome. However, to 
compensate for any confounding of this sampling delay with seed lot 
treatment differences, the data were analyzed as a split-plot design 
with 3 replications. Seed lots served as the main plot treatments 
and days after imbibition onset the sub-plot treatments. It was assumed 
that differences observed between seed lots were primarily the result 
of their different germination percentages, although such a comparison 
was an additional confounding of seed lot genetic diversity. 
Dried caryopses were crushed in a mortar and pestle with 0.2 g 
ether-washed silica sand and extracted for 2 hr with 10 ml isopropanol 
at 135° C in a micro-soxhlet apparatus. After cooling to room tempera­
ture, extracts were centrifuged (10 min at about 1000 x g) and the 
supernatant brought to 10 ml with isopropanol. Samples were removed 
for TLC and free fatty acid analysis and the remaining extracts dried 
to a constant weight in tared aluminum pans with a stream of air. 
Samples were resuspended and nonlipid contaminants removed with a 6 mm x 
9 cm Sephadex G-25 column according to the procedure of Wells and Dittmer 
(1963). Samples were then brought to dryness under a stream of N^ , 
weighed, and 100 }ig of methyl heptadecanoate (C17;0) added as an internal 
standard as suggested by Christie, Noble, and Moore (1970). Methyl 
esters of sample saponifiable lipid were prepared according to the 
procedure of Metcalf, Schmitz, and Pelka (1966) as follows. Sample 
lipids were saponified for 30 min in 2.0 ml of 0.5 N methanolic KOH at 
67 C. Two ml of 14% methanolic BF^  were added and esterification pro­
ceeded for 10 min at 67° C. Methyl esters were partitioned against 
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3.0 ml each of hexane and a saturated solution of NaCl. Two ml of the 
upper phase were brought to dryness under a stream of Ng and then taken 
up in acetone for GLC. 
Fatty acid methyl esters were separated on a 6.4 mm x 2.5 m steel 
column of 20% diethylene glycol succinate on 60/80 mesh chromasorb W 
in a Varian model 90-P3 gas-liquid chromatograph equipped with a thermo-
conductivity detector. GLC conditions were as follows: column temper­
ature, 195° C (isothermal); injector temperature, 230° C; detector 
temperature and current, 200° C and 250 mA, respectively; and He flow 
rate, 54 ml/min. Peak area was determined by simultaneous disc inte­
gration and corrected relative to the internal standard. 
Samples for TLC were brought to dryness under a stream of air, 
suspended in CHClg, and partitioned (2X) against an equal volume of a 
saturated solution of NaCl. The pooled organic phase was dried through 
a 0.5 g sodium sulfate column and simple lipids separated from complex 
lipids using a 2 g silica gel column according to the method of Dittmer 
and Wells (1969). 
One dimensional TLC was on activated (105° C overnight) silica gel 
G coated plates developed first in hexane-diethyl ether-glacial acetic 
acid (70:30:1, v/v/v) followed by hexane-acetic acid (100:2, v/v). 
Lipids were visualized by charring 15 min at 105° C with 50% HgSO^ . 
Total free fatty acid content was determined by the method of Noma, 
Okabe, and Kita (1973) except that 1 M aqueous Cu(N0g)2 was used in the 
preparation of the copper reagent (A. Noma, Laboratory of Clinical Chem­
istry, Yoikuin Hospital, Itabashi, Tokyo, Japan, personal communication, 
1978). 
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Lipase Assay 
Acetone powders were prepared from 100 caryopses at various time 
intervals after imbibition onset according to the method of Tavener and 
Laidman (1972b) and stored frozen under Ng until use. Acetone powders 
were assayed for lipase activity using the agar diffusion technique of 
Lawrence, Fryer, and Reiter (1967) as follows. Two ml of an emulsion 
of tributyrin (1%, v/v) and gum arable (1%, w/v) in water were mixed 
thoroughly with 20 ml with either a 0.2 M citric acid (pH 5.0), HEPES 
(pH 7.0), or glycine (pH 9.0) buffer containing 1.2% (w/v) sterilized 
agar. An experimental unit consisted of 1 ml of the solidified, buffered 
agar emulsion on a single 5 x 7.5 cm glass slide within a covered 9 cm 
petri dish containing a dampened sheet of Ropaco blue blotter paper. 
Three agar wells (constituting sub-samples) were formed on each slide 
by removing three short pieces of 3 mm diameter glass rod placed on the 
slide prior to agar solidification. Acetone powders were homogenized 
with 2.0 ml of water and 5 pi added to each well. Experimental design 
was a split-split-plot with two replications in time. Controls con­
sisted of boiling homogenized acetone powders 15 min. Lipase activity 
was measured after 48 hr in the dark at 25° C as the square of the 
difference between the cleared-zone diameter and the agar well diameter. 
Lipase activity was reported on a jug acetone powder basis since the yield 
of acetone powder fluctuated considerably between treatments in an unpre­
dictable manner. 
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RESULTS 
Ultrastructural Observations 
The majority of lipid in mature yellow foxtail caryopses is tri-
acylglyceride stored in lipid bodies or droplets (Fig. 3). Lipid bodies 
are concentrated primarily in the cells of the embryo axis, scutellum 
and aleurone layer. They are roughly spherical in shape and range in 
diameter from 0.1 to 1.5 pm with an average diameter of about 0.5 ^ m. 
As viewed in cross-section, a typical unimbibed cell in the embryo axis 
contains 30-60 lipid body profiles which would occupy about 30-50% of 
the total cell volume. The appearance of lipid bodies in aldehyde-fixed 
tissue is one of a void bounded by a half-unit membrane (Fig. 3). Vacu­
olate protein bodies, which also occur frequently in the cells of the 
embryo axis, scutellum, and aleurone layer, may have a similar vacant 
appearance as lipid bodies during the early stages of germination (Fig. 
4). However, they can be differentiated from lipid bodies by (1) their 
larger size (range from 0.4 to 5.0 pm with an average diameter in the 
radicle and scutellum of about 1.5 and 3.3 pm, respectively), (2) pro-
teinaceous matrix material (Fig. 5), (3) unit membrane (Fig. 6), and 
(4) globoid inclusions (Figs. 7-8). 
In unimbibed caryopses, many of the lipid bodies are appressed 
against the cell wall (Fig. 3) such that sections made parallel and 
adjacent to the cell wall give the illusion of a cell completely engorged 
with lipid bodies (Fig. 9). After the onset of imbibition, lipid bodies 
in nondormant caryopses quickly assume a more uniform distribution through­
out the cell volume. In poorly fixed tissue, lipid bodies may appear 
Fig. 3. Vascular cylinder cells of mesocotyl from a floret 
stratified at 7° C for 25 weeks. Floret was obtained 
from yellow foxtail seed lot 83 (dormant). Aldehyde 
fixation only. 3®,990 
Fig. 4. Protein body of a radicle cortex cell from an excised 
embryo cultured on a complete medium for 15 hr. Embryo 
was obtained from yellow foxtail seed lot 83 (dormant). 
Aldehyde fixation only. X8,430 
Fig. 5. Protein bodies of a radicle vascular cylinder cell from 
an excised embryo cultured on agar alone for 15 hr. 
Embryo was obtained from yellow foxtail seed lot 83 
(dormant). Aldehyde fixation only. X33,800 
Fig. 6. Protein body from radicle vascular cylinder of unimbibed 
caryopsis. Note unit membrane enclosing protein 
body. Caryopsis was obtained from yellow foxtail seed lot 
44 (nondormant). Aldehyde fixation, followed by osmium 
post-fixation. X120,300 

Fig. 7. Protein bodies with globoids from radicle cortex of a 
floret stratified at 7° C for 25 weeks. Floret was 
obtained from yellow foxtail seed lot 83 (dormant). 
Aldehyde fixation only. X8,000 
Fig. 8. Small protein body globoids from radicle vascular cylinder 
of excised embryo cultured on agar alone for 15 hr. Embryo 
was obtained from seed lot 83 (dormant). Aldehyde fixation 
only. X151,000 
Fig. 9. Cell of a young leaf in an unimbibed caryopsis. Cary-
opsis was obtained from yellow foxtail seed lot 83 
(dormant). Aldehyde fixation, followed by osmium post-
fixation. Xll,800 
Fig. 10. Poorly-fixed lipid bodies in young leaf cell from 
unimbibed caryopsis. Caryopsis was obtained from yellow 
foxtail seed lot 83 (dormant). Aldehyde fixation, 
followed by osmium post-fixation. X13,200 
Fig. 11. Radicle cell from caryopsis imbibed in 10 mM KNO3 for 
72 hr at 25° C. Caryopsis was obtained from yellow foxtail 
seed lot 44 (nondormant). Aldehyde fixation, followed 
by osmium post-fixation. X7,300 
Fig. 12. Lipid body of radicle cell from unimbibed caryopsis. 
Caryopsis was obtained from yellow foxtail seed lot 44 
(nondormant). Aldehyde fixation, followed by osmium 
post-fixation. X21,900 
Figs. 13-15. Lipid bodies of coleorhiza cells from caryopsis 
imbibed in 10 mM KNO3 for 72 hr at 25° C. Caryopses were 
obtained from yellow foxtail seed lot 44 (nondormant). 
Aldehyde fixation, followed by osmium post-fixation 
13. X21,300 
14. X21,900 
15. X20,700 
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irregularly shrunken or distorted (Fig. 10, see also Frey-Wyssling and 
Miihlethaler, 1965; Jacks, Yatsu, and Altshul, 1967; Yatsu, Jacks, and 
Hensarling, 1971). 
Lipid bodies of yellow foxtail caryopses swell in the presence of 
osmium tetroxlde resulting in considerable distortion and disruption 
of aldehyde-fixed tissue. Swelling and/or coalescence of lipid bodies 
in osmium tetroxlde fixed tissues usually give rise to huge lipid drop­
lets 4 pm or more in diameter (Fig. 11). In extreme cases, swelling 
generates enough pressure to physically rupture the cell wall. The 
appearance of lipid bodies in tissue post-fixed in osmium tetroxlde is 
variable but typically has a homogeneous grainy texture (Fig. 12) that 
Is easily smudged in sectioning (Fig. 13). The interior may also stain 
more Intensely than the edges (Fig. 14) or (less frequently) vice versa 
(Fig. 15). 
Cumulative Germination 
Cumulative caryopsis germination for seed lots 44 and 83 for the 
first 10 days after the onset of imbibition is shown in Fig. 16, and 
germination parameters are presented in Table 4. Germination of seed 
lot 44 caryopses started 22 hr after the onset of Imbibition and reached 
a maximum of 97% about 113 hr later. The germination rate of seed lot 
44 was somewhat faster than other yellow foxtail seed lots previously 
tested and this was reflected in an increase of 25% in the germination 
index above the area under the germination curve. Unfortunately, the 
extent of innate dormancy of seed lot 44 at collection was not recorded 
and thus it is unclear what external factors, If any, contributed to its 
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Fig. 16. Cumulative germination of yellow foxtail caryopses 
from seed lots 44 and 83. One hundred dehulled caryopses 
were imbibed in the dark at 25° C in 10 mM KNO3. 
Experiment was conducted in October 1976 and January 
1977 for seed lots 44 and 83, respectively 
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Table 4. Germination parameters for yellow foxtail caryopses from seed 
lots 44 and 83. One hundred dehulled caryopses were imbibed 
in the dark at 25° C in 10 mM KNO3. Experiment was conducted 
in October 1976 and January 1977 for seed lots 44 and 83, 
respectively, 
-1 -2 - 3 -4 —5 
Seed lot a b G. A GI 
D 
+ 95% Confidence limits 
Days % % X Days 
44 0.9 + 0.1 5.6 + 0.3 97.1 + 4.9 303.2 + 11.4 379.9 + 7.7 
83 3.2 + 1.9 5.8 + 1.9 1.9 + 0.1 2.4 + 2.5 2.8 + 2.5 
e^an onset of germination. 
e^an time to maximum germination. 
3 Mean maximum percent germination achieved. 
M^ean area under germination curve. 
M^ean germination index, c = 7 days. 
high germination rate and percentage. In contrast to seed lot 44, 
germination of seed lot 83 caryopses started at about 77 hr after the 
onset of imbibition and reached a maximum of only 2% 62 hr later. The 
extent of innate dormancy imposition on seed lot 83 caryopses was almost 
complete and this was reflected by a very low germination index value 
(Table 4). However, these caryopses were viable and innate dormancy 
could be overcome by stratification (see Fig. 153, Part III, this study). 
Caryopses from seed lot 44 showed a 480% increase in fresh weight 
from 2.1 to 12.2 mg/caryopsis during the first six days after imbibition 
onset while there was no significant change in the fresh weight of seed 
lot 83 caryopses during the same interval (Fig. 17). Caryopses from 
seed lot 44 showed a small but significant loss of dry weight beginning 
the third day after the onset of imbibition while caryopses of seed lot 
83 exhibited no changes in dry weight during the course of the experiment 
(Fig. 17). 
Lipid Metabolism 
The weight of hot isopropanol extracted substances represented the 
weight of extracted lipid plus a significant amount of nonlipid materials 
such as salts, amino acids, and sugars, which were effectively removed 
with Sephadex G-25. The weight of isopropanol extracted substances from 
seed lot 44 caryopses increased steadily up to the fifth day after imbi­
bition onset and then declined (Fig. 17). However, the weight of iso­
propanol extracted substances from seed lot 44 caryopses after removal 
of nonlipid materials averaged a constant 0.23 mg lipid/caryopsis over 
the same interval. Thus, the increase in weight of isopropanol extracted 
substances from seed lot 44 caryopses was due entirely to increases in 
the amount of nonlipid materials extracted. The bulk of the increase 
in nonlipid material presumably resulted from the degradation of the 
endosperm which was near completion by the sixth day after imbibition 
onset. The decline in the amount of nonlipid extracted after five days 
probably reflected an interaction between the declining rate of release 
from an already depleted endosperm and an increased rate of utilization 
by the embryo axis and other tissues. 
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Fig. 17. Changes in caryopsis fresh weight, dry weight, and weight 
of isopropanol extract (before and after Sepadex G-25) 
for yellow foxtail seed lots 44 and 83 during first six 
days after Imbibition onset 
Percent lipid calculated on a fresh weight basis of unimbibed florets 
and caryopses for seed lots 44 and 83 was 6.1%, 10.9%, 6.8%, and 11.1%, 
respectively. These values are in agreement with the previous work of 
Winton and Winton (1932, as quoted by Schroeder et al., 1974) and Rost 
(1971b, 1972), but slightly higher than the values obtained by Earle 
and his coworkers (Earle and Jones, 1962; Barclay and Earle, 1974). 
The fatty acid content of the total saponifiable lipid for both seed 
lots during the first six days after the onset of imbibition is presented 
in Table 5. The bulk (about 90%) of the free fatty acid content of 
either seed lot consisted of the two unsaturated fatty acids linoleic 
(C18:2, 73%) and oleic (C18:l, 16%) in agreement with the values obtained 
by Nieto-Hatem (1963). The high content of oleic and linoleic acid is 
characteristic of lipid reserves of many Gramineae caryopses (MacLeod 
and White, 1961; Nelson, Glass, and Geddes, 1963; Weihrauch and Matthews, 
1977). 
Total fatty acid content of caryopses from yellow foxtail seed lot 
44 declined about 23% during the first six days after imbibition onset. 
This decline, which began about 48 hr after imbibition onset, was 
attributable entirely to changes within only the unsaturated fatty acid 
classes, with the content of saturated classes remaining constant. Cary­
opses experienced a rapid loss of oleic acid during the first 24 hr of 
imbibition with a slower rate of decrease thereafter. This initial 
decrease in oleic acid content was offset by a greater increase in the 
content of linoleic acid that peaked 48 hr after the onset of imbibition. 
The content of linoleic acid subsequently declined rapidly. In contrast, 
linolenic acid content also increased significantly up to 96 hr after 
Table 5. Caryopsls fatty acid composition for yellow foxtail seed lots 44 (nondormant) and 83 
(dormant) for the first six days after imbibition onset 
Days after Fatty acid content (mg methyl ester/100 caryopses)^  
imbibition onset 16:0 18:0 18:1 18:2 18:3 Total 
Lot 44 
0 1.17a 0.25a 4.55a 15.59ab 0.58fgh 22,15a 
1 1.19a 0.20a 3.14ab 16.09ab 0.61def 21.23a 
2 1.23a 0.31a 3.36a 17.26a 0.73bc 22.90a 
3 1.21a 0.23a 3.18ab 16.51ab 0.69bcd 21.82a 
4 1.35a 0.40a 2.93b IS.OObc 0.84a 20.53ab 
5 1.15a 0.30a 2.65b 13.32c 0.67bcde 18.08bc 
6 1.28a 0.33a 2.60b 12.16d 0.78ab 17.15c 
Mean 1.23 0.29 3.20 15.14 0.70 20.55 
Percent of total 5.99 1.39 15.57 73.67 3.40 
Lot 83 
0 1.29a 0.37a 3.63ab 15.80ab 0.45h 21.53a 
1 1.30a 0.43a 3.79ab 16.68ab 0.53fgh 22.71a 
2 1.29a 0.40a 3.79ab 16.71ab 0.45h 22.64a 
3 1.20a 0.38a 3.41ab 15.22ab 0.47gh 20.67ab 
4 1.21a 0.43a 3.90ab 17.14ab 0.61def 23.28a 
5 1.18a 0.33a 3.54ab 15.41ab 0.43h 20.89a 
6 1.45a 0.32a 3.61ab 16.07ab 0.48gh 21.63a 
Mean 1.23 0.38 3.67 16.15 0.49 21.91 
Percent of total 5.61 1.73 16.75 73.71 2.23 
CV (7.) 9.65 14.87 7.34 11.87 12.13 10.36 
e^ans within each column followed by the same letter do not differ at the 5% level of 
significance according to Duncan's multiple range test. 
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the onset of imbibition, but then declined only slightly thereafter. No 
significant changes were observed in the content of either saturated or 
unsaturated fatty acid classes of caryopses from yellow foxtail seed 
lot 83 during the course of the experiment. 
Lipase Activity 
Beginning about 24 hr after the onset of imbibition, there was a 
significant increase in lipase activity in seed lot 44 caryopses that 
was optimal under alkaline conditions (Fig. 18). There was present in 
unimbibed caryopses from both seed lots a small amount of lipase activity 
under neutral conditions only. This low level of lipase activity 
remained constant for seed lot 83 caryopses throughout the course of the 
experiment but increased significantly in caryopses from seed lot 44 
beginning about 48 hr after imbibition onset. Corresponding to increases 
in lipase activity in caryopses from seed lot 44 were increases in the 
free fatty acid content (Fig. 19). By six days after imbibition onset, 
this increase in free fatty acid content amounted to 38.5 pg free fatty 
acid/caryopsis or about 19% of the total saponifiable lipid remaining. 
In contrast, free fatty acid content of seed lot 83 caryopses averaged 
over the same interval a constant 6.4 ^ g of free fatty acid/caryopsis 
or about 2.9% of the total saponifiable lipid. These trends are 
illustrated in Figs. 20-21. 
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Fig. 18. Total caryopsis lipase activity for yellow foxtail seed 
lots 44 (nondormant) and 83 (dormant) for the first six 
days after imbibition onset. Activity was determined 
by agar diffusion method at pH 5, 7, and 9. LSD interval 
shown is applicable to any paired lot means irrespective 
of pH 
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Fig. 19. Changes in caryopsis free fatty acid content for 
yellow foxtail seed lots 44 (nondormant) and 83 (dormant) 
for first six days after imbibition onset 
Fig. 20. Thin-layer chromatogram of simple lipid classes 
including triacylglyceride (TG) and free fatty 
acids (FFA) extracted from caryopses of yellow 
foxtail seed lot 44 (nondormant). Standard (Std) 
contains mixture of commercial maize oil (M), 
linoleic acid (L), and 3~sitosterol (S) 
Fig. 21, As above, except for yellow foxtail seed lot 83 
(dormant) 
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DISCUSSION 
It is well-established that the bulk of triacylglyceride reserves 
of many oleaginous seeds is converted to sucrose via the glyoxylate cycle 
during germination (Ching, 1972; Bewley and Black, 1978). In contrast, 
much less attention has been paid to the function of the glyoxylate 
cycle during germination of Gramineae caryopses. Although the develop­
mental pattern of glyoxysomes in the Gramineae appears similar to that in 
oleaginous species (Longo and Longo, 1970a; Longo, Bernasconi, and Longo, 
1975; Longo and Longo, 1970b), the total lipid loss is typically not as 
great (Dure, 1960; MacLeod and White, 1961; Ingle, Beevers, and Hageman, 
1964; and Tavener and Laidman, 1972a) as in oleaginous seeds (Ching, 
1970; Muto and Beevers, 1974). In addition, other evidence suggests 
that, during germination, the Krebs cycle plays a greater role in the 
assimilation of the end-products of 6-oxidation in the Gramineae than 
occurs in oleaginous seeds (Oaks and Beevers, 1964; Effer and Ranson, 
1967). 
Presumably, the role of the glyoxyate cycle could be quite differ­
ent since, unlike oleaginous seeds, the bulk of a Gramineae caryopsis is 
made up of carbohydrate reserves in the form of endosperm starch. This 
starch is made available to the embryo as sucrose during the early stages 
of germination (Edelman, Shibko, and Keys, 1959; Chen and Varner, 1969; 
Nomura, Kono, and Akazawa, 1969). It has been shown that an accumulation 
of simple sugars (such as sucrose) or glycolytic intermediates inhibits 
the glyoxylate cycle (Longo and Longo, 1970a; Ching, 1972). This inhi­
bition appears to result from specific repression at the transcriptional 
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level of isocitrate lyase synthesis (Ching, 1972). Thus, one possible 
result of a rapid availability of carbohydrate to the embryo of a 
Gramineae caryopsis during germination would be an inhibition of the 
assimilation of germ triacylglyceride via the glyoxylate cycle. If this 
hypothesis were correct, then it would seem that, for suppression of the 
glyoxylate cycle to be substantial, carbohydrate from the endosperm 
would have to be assimilated very rapidly. 
Results from this study indicate that such an assimilation pattern 
exists in germinating nondormant caryopses of yellow foxtail. Indica­
tions of endosperm digestion were visible as early as 24 hr after the 
onset of imbibition (Fig. 161), correlating closely with the earliest 
Increases in isopropanol-extracted, nonlipid material (Fig. 17). This 
was well-ahead of the onset of significant losses in tricylglyceride, 
which began about 48 hr after the start of imbibition (Table 5). To 
answer the question as to whether such rapid availability of presumably 
sucrose to the embryo actually inhibits the glyoxylate cycle will 
require further evidence than is provided by this study. However, 
several pieces of circumstantial evidence suggest that such inhibition 
does in fact occur in germinating yellow foxtail. 
First, even though triacylglyceride mobilization is initiated 
beginning about 48 hr after imbibition onset, the total lipid loss 
amounted to only 23% of unimbibed levels during the subsequent four 
days. By this time, the endosperm reserves of many caryopses were com­
pletely liquefied, and coleoptlle and radicle elongation was near the 
maximum possible under the experimental conditions. This contrasts 
with the extent of assimilation of lipid reserves in an oleaginous seed 
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such as castor bean, which would be near completion at a comparable 
stage of growth (Muto and Beevers, 1974). 
Secondly, there were significant accumulations of free fatty acid 
during the latter stages of germination, which is an atypical pattern 
relative to the lack of accumulation observed in oleaginous seeds 
(St. Angelo and Altschul, 1964; Muto and Beevers, 1974). Such an 
accumulation would be consistent with an inhibition of glyoxysomal 
g-oxidation which has been shown to occur in the presence of sucrose 
(Ching, 1972). 
The decline in saponifiable-lipid and the accumulation of free 
fatty acid in germinating caryopses were preceded by the appearance of 
an alkaline lipase (Fig. 18). This lipase appeared to have a broad pH 
optimum (although more than one lipase may have been involved) and was not 
observed to develop in dormant caryopses (Fig. 18) where total saponi­
fiable-lipid remained constant throughout the course of the experiment 
(Table 5). These results confirm the findings of Rost (1971b, 1972) that 
indicate that lipid mobilization is not initiated in imbibed, innately 
dormant caryopses of yellow foxtail. However, results presented here 
as well as those of Rost (1971b, 1972) indicate that triacylglyceride 
mobilization in nondormant yellow foxtail caryopses occurs rather late 
in the germination sequence, which is typical for most seeds (Mayer 
and Shain, 1974). Thus, it appears likely that the absence of triacyl­
glyceride mobilization in dormant caryopses reflects the imposition of 
dormancy upon earlier processes rather than being the cause of dormancy 
itself. 
During the earliest stages of germination, changes were observed 
to occur in the individual fatty acid classes of nondormant caryopses 
that seemed unrelated to the mobilization observed during later stages. 
Specifically, a rapid loss of oleic acid occurred during the first 24 
hr of imbibition in the absence of either significant lipase activity 
or accumulation of free fatty acid. In addition, this decrease in oleic 
acid occurred with simultaneous increases in the content of linoleic 
and linolenic acids, which taken together were of approximately the 
same magnitude. Several tentative explanations of these changes are 
plausible, but they should be considered purely speculative in the 
absence of additional evidence. 
The simplest explanation for the decline in oleic acid is that it 
represents rapid oxidation by presumably some of the earliest growing 
parts of the embryo axis, e.g., the coleorhiza. In support of this, 
there was observed in both dormant and nondormant unimbibed caryopses 
a low level of lipase-like activity in amounts comparable to that 
observed in barley (MacLeod and White, 1962) and wheat (Tavener and 
Laidman, 1972b). Some of this lipase-like activity undoubtedly repre­
sents the presence of esterase (Mounter and Mounter, 1962), which is 
indistinguishable from lipase in the agar diffusion assay (Desnuelle 
and Savory, 1963). It would seem premature on the mere presence of the 
remaining "true lipase" activity to assume that it has a functional role 
in initiating lipid assimilation in the earliest growing tissues such 
as the coleorhiza. However, it is clear that lipid assimilation is 
initiated quite early in germination in the coleorhiza, since Rost 
(1972) has observed glyoxysomes in this tissue as early as 24 hr after 
61 
the onset of imbibition. If the early loss of oleic acid does in fact 
reflect assimilation, further work will be required to explain the enigma 
concerning why similar losses do not also occur in the linoleic fraction 
which makes up a greater bulk of the total saponifiable-lipid. This may 
be a matter of differing specificities of two different lipase isozymes, 
since the early lipase activity was optimal in a narrow pH range around 
neutrality, while the subsequent lipase activity was most active under 
alkaline conditions (Fig. 18). 
An alternative explanation for these changes in fatty acid classes 
would be that they resulted from desaturase activity, i.e., some of the 
existing oleic acid served as a substrate for the synthesis of linoleic 
and linolenic acid. Presumably, this desaturation would occur within 
the pool of existing free fatty acid, which in the unimbibed caryopsis is 
large enough to account for the amounts involved. Oleyl coenzyme A has 
been shown to be the immediate precursor for linoleic acid synthesis in 
spinach and Chlorella chloroplasts (Harris and James, 1965; Kannangara 
and Stumpf, 1972; Jacobson, Kannangara, and Stumpf, 1973a, 1973b) and 
the maturing seeds of safflower and oat (McMahon and Stumpf, 1964; 
Beringer, 1971; Vijay and Stumpf, 1971). Desaturation of linoleic acid 
directly to linolenic acid has been demonstrated in Chlorella chloro­
plasts (Harris and James, 1965) and in developing pea leaves (Tremolieres 
and Mazliak, 1974). Much of this work has been recently reviewed by 
Mazliak (1973). These results clearly Indicate that desaturation could 
account for the changes in the various fatty acid fractions observed 
in germinating yellow foxtail caryopses. However, other evidence suggests 
that this activity is restricted to fatty acids synthesized ^  novo during 
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germination rather than utilizing existing, endogenous storage pools 
(Donaldson, 1976). More recent work by Murphy and Stumpf (1979) indi­
cates that, in germinating cucumber cotyledons, desaturation does occur 
at a slow rate within the endogenous pools of polyunsaturated fatty 
acids in etiolated tissue. They observed that desaturation activity in 
these pools was enhanced considerably in illuminated tissue presumably 
in response to the increased demands for polyunsaturated lipids for both 
chlorophyll and chloroplast membrane synthesis. 
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PART III. ULTRASTRUCTURE AND PHYSIOLOGY OF CARYOPSIS DORMANCY RELEASE 
IN SETARIA LUTESCENS BY EMBRYO EXCISION AND STRATIFICATION 
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INTRODUCTION 
More than any one factor, innate dormancy in yellow foxtail con­
tributes to the seriousness of this species as a weed in a number of 
cultivated crops and geographic locations in the continental U.S. 
(Schoner et al., 1978). Although previous research has identified 
many factors which relieve dormancy in yellow foxtail, the physiological 
basis by which dormancy is induced and released has eluded investigators. 
Nieto-Hatem (1963) was the first to recognize that dormancy in yellow 
foxtail was separable into two types, (1) that imposed by the hulls 
(lemma and palea) and (2) that associated with the caryopsis. Hull 
dormancy has been relieved by physical removal of the hulls (Peters and 
Yokum, 1959; Nieto-Hatem, 1963; Biswas et al., 1970; Rost, 1971b, 1975), 
acid scarification (Kollman, 1970), leaching with cold water (Kollman, 
1970), and stratification (Nieto-Hatem, 1963; Kollman, 1970). Caryopsis 
dormancy has been effectively relieved by gibberellins (Kollman, 1970; 
Kollman and Staniforth, 1972), stratification (Nieto-Hatem, 1963; 
Kollman, 1970), embryo excision (Nieto-Hatem, 1963; Rost, 1971b, 1975), 
and accelerated after-ripening (Fig. 22)(Taylorson and Brown, 1977). 
Less effective or ineffective methods include nitrate (Hendricks and 
Taylorson, 1974; see Part I, this study. Table 1 and Fig. 2), ethylene 
(Taylorson, 1979), increased COg tensions (James, 1968), leaching with 
water (Kollman, 1970), acid scarification (Kollman, 1970), brief rinses 
with organic solvents (Nieto-Hatem, 1963), and after-ripening (Stoller 
and Wax, 1974). 
65 
O Light 
• Dark 
L.S.D. 0.06 
55®C 
E 30 
O 20 
0 1 2 3 4 5 6 7 
ACCELERATED AFTER-RIPENING (Days) 
Fig. 22. Accelerated after-ripening of florets from yellow foxtail 
seed lot 83 at 55 and 60° C. Florets were dried for two 
days at 35° C which reduced moisture content from 8.3% to 
6.8%. Accelerated after-ripening procedure was done as 
described by Taylorson and Brown (1977). Fifty after-
ripened florets were germinated in 12 ml of 10 mM KNO3 on 
two sheets of Rapaco blue blotter paper in a covered 9 cm 
petri dish. Germination conditions were as follows: 
(1) either fluorescent light at 30° C for 8 hr alternating 
with darkness at 20° C for 16 hr or (2) continuous dark­
ness at 30° C for 8 hr alternating with 20° C for 16 hr. 
Dark treatments were imbibed under a green safelight (480 
to 570 ran) and sealed in light-tight containers. Germina­
tion percentage was recorded two weeks after imbibition 
onset. Experimental design was a completely randomized 
block with three replications and experiment was conducted 
in June 1977. LSD interval shown is applicable to any 
paired lot means irrespective of temperature 
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This study demonstrates that the release from caryopsis dormancy 
in yellow foxtail by embryo excision is primarily a response to simple 
sugar and in this respect resembles dormancy release mediated by strati­
fication. Ultrastructural changes unique to dormancy release during 
stratification are also identified. Finally, it is proposed that 
caryopsis dormancy in yellow foxtail can be explained by a temperature 
mediated, physiological block at a pivotal point in carbohydrate metab­
olism, i.e., the conversion of embryo starch to sucrose. 
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MATERIALS AND METHODS 
Seed and Embryo Excision 
Yellow foxtail florets were obtained from seed lots 44 and 83 (see 
methods section, this study. Part II). Caryopses were dissected away 
from surface sterilized (7%, w/v, Clorox for 15 min) florets and sub­
merged in 0.003% (w/v) Vitavax (Uniroyal Chemical) for 48 hr at 25° C 
under fluorescent light. Embryos (including the embryo axis, scutellum, 
and enclosing portions of the pericarp, testa, and aleurone layer) were 
then excised from their endosperms and rinsed briefly first in 70% (v/v) 
ethanol and then in sterile water. An experimental unit usually con­
sisted of five excised embryos placed scutellum side down in about 20 ml 
of sterile agar medium in a covered 9 cm petri dish. Replications were 
in time and consisted of petri dishes stacked in random order within a 
humid clear-plastic crisper. Experimental design, unless otherwise 
indicated, was a completely randomized block with two replications. 
Percent germination of embryos was recorded after five days in the dark 
at 25° C. Embryos were scored as germinated if the radicle had pene­
trated the coleorhiza and there was visible elongation of the coleoptile. 
Enzymes 
Invertase (grade VI, melibiase-free) from baker's yeast and a-
amylase (type VI-A) from hog pancreas were obtained from Sigma Chemical 
Co. According to the manufacturer, the invertase preparation contained 
about 130 units/mg where one unit of activity was defined as hydrolyzing 
1 jiM sucrose/min to invert sugar at pH 4.5 at 55° C. The a-amylase 
preparation contained both a-amylase and 3-amylase activity. Amylolytic 
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activity was rated by the manufacturer as follows: a-amylase, 1 mg 
of preparation would liberate from starch 5 mg maltose/min at pH 6.9 
at 20° C; g-amylase, 1 mg of preparation would liberate from starch 
1.4 mg maltose/min at pH 4.8 at 20° C. 
Microscopy 
Light and transmission electron microscopy 
Methods for fixation, infiltration, embedding, sectioning, and 
staining of excised embryo tissue sections were the same as those 
described in the methods section, this study. Part II, except that 
post-fixation with osmium tetroxide was omitted. Prior to fixation, 
excised embryos from yellow foxtail seed lot 83 were cultured for 15 hr 
(the time to first visible growth of coleorhiza) in the dark at 25° C 
on either (1) a complete medium or (2) on 0.08% (w/v) agar alone. The 
complete medium included 117 mM fructose, 0.84 mM KNO^ , 1.3 mM CaClg, 
0.87 mM KCl, 98 joM NaHgPO^ -HgO, 0.25 ;iM MgSO^ , 45 >iM MhSO^ -HgO, and 
90 pM FeSOg (as NSgEDTA chelate) in 0.08% (w/v) agar. Caryopses from 
yellow foxtail seed lot 83 florets stratified for 25 weeks at 7° C were 
dissected away from hulls by hand and fixed either (1) immediately or 
(2) after being transferred to 25° C for 27 hr (first visible swelling 
of coleorhiza). Caryopses treated as in (2) were dissected away from 
their hulls by hand prior to fixation. 
Scanning electron microscopy 
Intact caryopses were imbibed for 24 hr (see methods section, 
this study. Part I). Imbibed caryopses were then fixed for 2 hr in 2.5% 
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glutaraldehyde and then post-fixed in 1% osmium tetroxide (see methods 
section, this study. Part II). Fixed caryopses were dehydrated in an 
ethanol series, immersed in liquid N^ , and fractured with a razor blade. 
Fracture-pieces were rinsed (3X) for five minutes with Freon 13 and dried 
with a critical-point apparatus using liquid CO^  as a flush solvent. 
All specimens were then coated with carbon and gold in a Varian model 
VE-30 vacuum evaporator prior to viewing on a Jeol model JSM-35 scanning 
electron microscope. 
Histochemistry 
Insoluble polysaccharides were localized using the periodic-acid-
Schiff's reaction according to Jensen (1962). The a-amylase digestion con 
trol consisted of incubating plastic thick-sections in a 10 mM HEPES 
buffer pH 7.1 containing 0.5 mg a-amylase/ml, and 0.02% (w/v) sodium 
azlde at 37° C overnight. Nonspecific stains for light microscopy 
included paragon (Spurlock, Skinner, and Kattine, 1966) and methylene-
blue-azure Il-basic fuchsln (Humphrey and Pittman, 1974). 
Stratification 
An experimental unit consisted of one hundred intact yellow foxtail 
florets (seed lot 83) imbibed in the dark at 7° C in 12 ml of 10 mM KNOg 
in a covered 9 cm petrl dish between two disks of Ropaco blue blotter 
paper (Rochester Paper Co., Rochester, Mich.). Prior to imbibition, 
florets were dusted with Vitavax (Uniroyal Chemical) as described in 
the methods section, this study. Part I. Replications consisted of 
petrl dishes stacked in random order within humid clear-plastic crlspers 
which were spatially separated on cold room shelves. Germination was 
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recorded seven days after transfer of crispers to 25° C. Florets were 
scored as germinated according to the criteria described in the methods 
section, this study, Part I. Experimental design for all stratification 
experiments was a completely randomized block with two replications. 
Total Reducing Sugar and Sucrose Determinations 
One hundred stratified florets were ground in a mortar and pestle 
with 2.0 ml of 70% (v/v) ethanol. Grindlngs plus 3.0 ml of 70% ethanol 
washings were centrlfuged 15 min at about 1000 x Samples were taken 
from supernatant for total reducing sugar and sucrose content determina­
tions and dried in a vacuum oven at 100° C for 15-30 min. Equal volumes 
of 70% ethanol served as blanks. Total reducing sugar samples were 
suspended in water and reducing sugar content determined immediately 
according to the method of Nelson and Somogyi as described by Spiro 
(1966). Reducing sugar was expressed as glucose equivalents. Total 
sucrose samples were suspended with a 10 mM acetate buffer pH 4.5 con­
taining 0.1 mg invertase/ml and 0.02% sodium azide and were incubated 
1 hr at 55° C. After cooling to room temperature, reducing sugar con­
tent was determined as described above. Total sucrose content was 
defined as the difference in total reducing content before and after 
invertase treatment. 
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RESULTS 
Effect of Medium Composition on Excised Embryo Germination 
The critical medium ingredient necessary to break dormancy in 
excised embryos was the carbohydrate component (Table 6). Embryos 
germinated readily if sucrose was present in the medium but did not 
in its absence. Subsequent (one week after excision) seedling growth 
and vigor was subjectively ranked from most to least as follows: 
(1) sucrose + KNO^  + minerals; (2) sucrose + minerals; (3) sucrose + 
KNOgi and (4) sucrose alone. Maltose and glucose were not as effective 
in relieving dormancy as sucrose and fructose (Table 7). The release 
from dormancy in the presence of simple sugars did not appear to be 
an osmotic effect since several other sugars tested were ineffective 
in relieving dormancy (Table 7). 
General Ultrastructure of the Radicle and 
Mesocotyl of Dormant Excised Embryos 
The original intent of this study was to identify any ultrastruc­
tural differences that existed between radicles of embryos that were 
grown for 15 hr on either a complete medium or on agar alone. This 
objective was hindered somewhat by the lack of detailed ultrastructural 
research on this particular tissue in yellow foxtail. Thus many of 
the observations made during this study were original and of purely 
morphological interest apart from the experimental comparisons of 
primary interest. However, to maintain continuity with the original 
intent, these observations are illustrated here with examples from both -
embryos grown on a complete medium or on agar alone. 
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Table 6. Effect of medium composition on germination of excised embryos 
from caryopses of yellow foxtail seed lots 44 and 83. Five 
embryos were placed on sterile agar (0.08%, w/v) which included 
combinations of 58 mM sucrose, 0.84 mM KNO3, and minerals. 
Minerals included 1.3 mM CaCl2, 0.87 mM KCl, 98 )iM NaH2P0^ *H20, 
0.25 pM MgS04 , 45 jiM MnS04*H20, and 90 ^  FeS04'7H20 (as Na 
Na2EDTA chelate) as modified from Rappaport (1954) 
Germination (%) 
Medium composition 
Seed lot 83 Seed lot 44 
Sucrose + KNO^  + minerals 100 a 100 
Sucrose + minerals 100 a 
Sucrose + KBIOg 80 ab 
Sucrose 70 b 
KNO3 10 c — — — 
KNO^  + minerals 00 c - - -
Minerals 0 c 
Control (none of above) 0 c 86 
1 Means followed by the same letter are not significantly different 
at the 0.05 level of probability as determined by Duncan's multiple-
range test. Conclusions of the analysis of variance were based on 
arcsin transformed observations. Content of sucrose and reducing sugar 
for the unimbibed caryopses of seed lot 83 were 984 + 1433 and 625 + 
95 pg/gm caryopsis fresh weight (+ 95% confidence interval), respectively. 
2 
Unreplicated experiment with seven embryos per treatment. Content 
of sucrose and reducing sugar for the unimbibed caryopses of seed lot 
44 were 589 + 527 and 476+22 pg/gm caryopsis fresh weight (+ 95% 
confidence interval), respectively. 
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Table 7. Effect of medium carbohydrate on germination of excised 
embryos from caryopses of yellow foxtail seed lot 83. Five 
embryos were placed on sterile agar (0.08%, w/v) which included 
either monosaccharides or disaccharides (117 and 58 mM, 
respectively), 0.84 mM KNO3, and minerals (concentration same 
as described in Table 6) 
Medium carbohydrate Germination (%)^  
D-Fructose 100 a 
D-Maltose 80 b 
D-Glucose 50 be 
D-Ribose 30 cd 
D-Galactose 10 de 
D-Xylose 10 de 
L-Rhamnose 0 e 
L-Arabinose 0 e 
Means followed by the same letter are not significantly different 
at the 0.05 level of probability as determined by Duncan's multiple-range 
test. Conclusions of the analysis of variance are based on arcsin 
transformed observations, 
Embryos of yellow foxtail are of the panicoid type and their general 
morphology has been previously described in detail by Rost and Lersten 
(1973). The principal parts of the embryo include the scutellum (Figs. 
23-28) and embryo axis. The embryo axis is further subdivided into the 
coleoptile (Figs, 29-31), mesocotyl (first node), and radicle (primary 
root). The entire caryopsis including the embryo is enclosed within the 
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fused layers of the pericarp, testa, and aleurone layer (Figs. 32-35). 
Excision of the embryos from the endosperm was accomplished with 
little injury to either the embryo axis or scutellum (Figs. 36-38). 
Only small fragments of endosperm were left attached to the scutellum 
(Fig. 39). The radicle was enclosed in a sheath-like coleorhlza and 
consisted of a single layer epidermis, cortex (3-4 layers), pericycle 
(single layer), and vascular cylinder or stele (Figs. 40-41). The 
arrangement of protoxylem within the stele was pentarch with one large 
metaxylem strand in the center (Figs. 40-41). In the mesocotyl, this 
central strand divided near the junction of vascularization of the 
scutellum by the embryo axis (Fig. 44). The cytoplasm of the radicle 
stained more intensely than that of either the coleorhlza or scutellum 
(Figs. 42-43). The most intense staining occurred within the stele 
(Fig. 42). Epidermal cells were uniformly block-shaped with cross- . 
sectional dimensions of about 9 x 18 ^  (Figs. 45-48). Their walls 
were relatively thin and usually appeared compressed between adjacent 
cells (Fig. 48). The external surface of the epidermis appeared to be 
covered with a thick layer of material which Rost (1971b) had previously 
identified as polysaccharide (Fig. 48). 
Cells of the cortex were parenchymatous with well-defined inter­
cellular spaces (Figs. 40-41) and ranged in diameter from 10-20 jfim. 
Cortex cells appeared to be derived from periclinal divisions of the 
pericycle (Fig. 49). Cortex cells contained numerous lipid and protein 
bodies (Fig. 50). Lipid bodies appeared essentially the same regardless 
of the tissue observed. However, the size and number of lipid bodies 
per cell exhibited a direct relationship with cell size. An exception 
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to this was radicle epidermal cells which contained relatively small 
lipid and protein bodies in proportion to cell size (Fig, 48). 
Ultrastructure of Excised Embryos Cultured on Agar 
Numerous protein bodies were present in cortex cells of embryos 
cultured on agar for 15 hr (Fig. 50). These assumed a great variety 
of shapes and sizes (Figs. 50-58). Most protein bodies were consider­
ably vacuolate and contained only minor amounts of matrix material 
(Fig. 50). As mentioned previously in Part II of this study, protein 
bodies were bounded by a unit membrane (Fig. 6). Protein body matrix 
material, if present, was distributed in a number of different patterns. 
In some protein bodies, the matrix material appeared as a thin bumpy 
layer appressed against the limiting membrane (Fig. 50). Protein bodies 
with this type of matrix material frequently contained a large spherical 
globoid (Fig. 50). Alternately, the matrix material appeared as one or 
more intensely staining clumps with strands of material radiating from 
it (Fig. 51). In a variation of this, the matrix material consisted 
of a delicate mesh of interconnecting strands of material (Fig. 50). 
The overall impression of these patterns of matrix material distribution 
was that the protein bodies of cortex cells from embryos grown on agar 
alone had undergone partial digestion. The pattern of digestion was 
not clearly defined but appeared to take the form of either localized 
pitting (Fig. 52) or a more generalized erosion (Figs. 55 and 58). The 
pattern of protein body digestion observed in this study was similar 
to that described by Rost (1971b, 1972). Although dissimilarities in 
protein body ultrastructure were apparent between the work of Rost and 
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the observations presented here, these were probably related to differ­
ences in fixation schedules, i.e., whether or not the tissue was post-
fixed in osmium. However, Rost (1972) was incorrect in stating that 
embryo protein bodies were devoid of globoids (Fig. 50). 
One or more globoids (presumably composed of phytic acid or similar 
substance) were usually present in the protein bodies of cortex cells 
from embryos grown on agar alone. These were either large (Fig. 50) or 
small (Fig. 57). Large globoids ranged as high as 2-3 pm in diameter 
and in the cortex were typically spherical. Irregularly shaped globoids 
of large size occurred in the cortex, but were more frequently found 
in the scutellum (Figs. 53-54). Smaller globoids were almost always 
spherical and had a considerable amount of internal detail (Figs. 53-54). 
Globoids having undergone partial digestion revealed that they were 
enclosed by a membrane of their own apart from that of the enveloping 
protein body (Fig. 56). Globoids were frequently chipped-out during 
sectioning (Fig. 50). This made examination of sections containing 
large numbers of globoids exceedingly difficult due to section insta­
bility under the electron beam. Section quality also suffered in areas 
of low globoid frequency due to surface contamination with both intact 
globoids and their fragments chipped-out from distant areas. An inter­
esting phenomenon associated with this surface contamination was that 
small globoid profiles seemed unusually attracted to the surface of 
cell nuclei. Many nuclei (especially those from embryos grown for 
15 hr on a complete medium) were literally covered with small globoid 
profiles (Figs. 60-62). Presumably, the attraction was due to a surface 
charge present on the nuclei, but not present on the surrounding 
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cytoplasm. The possibility existed that some of these globoids were not 
overlying fragments but were actually contained inside the nuclear 
envelope. This was supported primarily by the observation that occa­
sionally it appeared that globoids were chlpped-out of the nucleus 
Itself (Fig. 50). 
Cortex cells, as well as other cells of the radicle, were inter­
connected by large numbers of plasmadesmata (Figs. 63-65). Cross-
sections of cortex cells typically contained several amyloplast profiles; 
each filled with one or more large irregularly shaped starch granules 
(Figs. 66-68). 
Cells of the radicle vascular cylinder from embryos cultured on 
agar alone were smaller (their average diameter was about 6 ;im) than 
cortex cells, but had many of the same characteristics (Fig. 69). Many 
cells were slightly plasmalyzed, but this condition may have been an 
artifact of tissue preparation (Fig. 70). Amyloplasts were present but 
their size and that of their enclosed starch granules was small in 
comparison with amyloplasts found in the cortex (Fig. 70). Protein 
bodies exhibited some evidence of digestion and coalescence (Fig. 71), 
but still contained significant amounts of matrix material (Fig. 72). 
Many protein bodies contained globoids but these were smaller than those 
found in the cortex (Fig. 73). The nuclear membrane of many cells was 
swollen and nonstainlng (Figs. 74-76). Strands of rough endoplasmic 
reticulum had a similar appearance as the nuclear envelope (Fig. 75). 
Lipid bodies were numerous and typically congregated near the cell wall 
(Fig. 77-78). 
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Ultrastructure of Excised Embryos Cultured on a Complete Medium 
In contrast to cortex cells from embryos grown on agar alone, cortex 
cells from embryos grown on a complete medium exhibited a number of 
striking differences (Figs. 79-94). Protein bodies were almost completely 
void of matrix material except for one or more small, half-moon shaped 
clumps appressed against the limiting membrane (Fig. 79-80). Some pro­
tein bodies still contained globoids (Figs. 80-82), but many did not. 
If globoids were present, they were most prevalent in cortex cells adja­
cent to the epidermis (Fig. 82) and were usually partially digested 
(Figs. 83-91). Many protein bodies had coalesced or appeared about to 
do so (Figs. 92-93). Cellular organelles were more prominent In 
the cytoplasm and appeared spherical or sausage-shaped (Fig. 94). Dis­
tinguishing among different organelle classes such as mitochondria and 
amyloplasts was difficult. 
Cells from the radicle vascular cylinder of embryos grown on a 
complete medium exhibited similar trends as in the cortex (Figs. 95-105). 
Protein bodies were void of most matrix material and globoids, if present, 
were almost completely digested (Figs. 94-95). Most cells of the vascu­
lar cylinder were slightly plasmolized (Fig. 96). Lipid bodies had 
moved away from the cell wall and were evenly distributed throughout 
the cytoplasm (Fig. 97). In some cells, the nucleus had taken on an 
amoeba-like shape (Figs. 98-100). In other cells (apparently not fully 
hydrated), the nuclear membrane was swollen as in radicle cells grown 
on agar alone but generally stained more Intensely (Figs. 66-69). Cel­
lular organelles were more prominent against a less densely staining cyto­
plasm (Fig. 105), but distinguishing among organelle classes was 
difficult as in cortex cells. The starch content of radicles from 
embryos grown on a complete medium or on agar alone appeared, at least 
at the light level, to be about equal (Figs. 106-117). Most of the 
starch (in the form of large granules) was found in the radicle epidermis 
and cortex with very little Inside the radicle vascular cylinder (Figs. 
106 and 112). The coleorhiza and scutellum also contained relatively 
large amounts of starch (Figs. 106 and 112). However, at the ultrastruc­
tural level, the subjective impression was that starch synthesis was 
occurring in embryos on the complete medium (Figs. 81, 92, and 94) but 
not in embryos cultured on agar alone (Figs. 50 and 52). This differ­
ence was more noticeable in the radicle cortex. 
Ultrastructure of Mesocotyl and Radicle of Embryos 
from Stratified Florets 
Stratification for about 25 weeks at 7° C in the dark relieved 
innate dormancy in the majority of florets from yellow foxtail seed lot 
83. Percent germination at 25° C in the dark increased from the initial 
2-3% to 86% after 25 weeks of stratification. However, the effect of 
stratification on dormancy release appeared to be complete by about 12 
weeks of stratification, since no further increases in germination 
resulted by extending the period of stratification an additional 13 
weeks (Fig. 153). 
Mesocotyl cells from florets stratified for 25 weeks had features 
in common with both nonstratified embryos grown on a complete medium and 
those grown on agar alone (Figs. 118-128). Like embryos grown on agar 
alone, mesocotyl cortex cells from stratified florets had protein bodies 
that were only partially digested (Figs. 121-122). Protein bodies in 
the mesocotyl vascular cylinder also appeared slightly digested (Figs. 
123-124). Protein bodies in the mesocotyl cortex typically contained 
Intact globoids (Figs. 121-122). As with embryos grown on agar alone, 
lipid bodies in the mesocotyl vascular cylinder of stratified florets 
were appressed against the cell wall (Fig. 125-127). The cells of the 
vascular cylinder of the mesocotyl from stratified florets were similar 
to those from embryos grown on a complete medium in that organelles 
were more prominent (Fig. 128) and the nuclear membrane was less swollen 
and exhibited more staining (Fig. 124). The most dramatic difference 
observed concerning embryos from stratified florets was that, unlike 
either embryos grown on a complete medium or on agar alone, embryos 
from stratified florets had an almost complete lack of starch anywhere 
in the embryo (Figs. 129-134). If these stratified florets were then 
allowed to begin growth by placing them in 25° C for 27 hr, then small 
amounts of starch were observed to accumulate throughout the embryo 
(Figs. 135-140). The appearance of the vascular cylinder and cortex 
cells (Figs. 141-150 and Figs. 151-152, respectively) from these florets 
was then the same as that observed with embryos grown for 15 hr on a 
complete medium. 
Parallel with a loss of starch in stratified florets was a 54% 
increase in the sucrose content during the first 11 weeks of stratifica­
tion (Fig. 153). Reducing sugar content rose about 285% up to about 6.5 
weeks after the onset of stratification, but then subsequently declined 
(Fig. 153). 
Figs. 23-25. 
23. 
24. 
Scutellum of yellow foxtail caryopses obtained from 
seed lot 83 (dormant) 
Cryofracture of the scutellum from a caryopsis imbibed 
in 10 mM KNO3 for about 24 hr at 25° C. Arrow points 
to one of many vacuolate protein bodies containing a 
large globoid. Numerous void areas are former lipid 
bodies whose contents were extracted during tissue 
preparation. X2,200 
Scutellum of an embryo cultured on agar alone for 15 
hr. Arrow points to one of many protein bodies present. 
Phase-contrast optics, methylene-blue-azure Il-basic 
fuchsin staining. XI,080 
Cryofracture near epithelium layer of scutellum from a 
mature caryopsis imbibed as in Fig. 23. Arrows point 
to large globoids present within vacuolate protein 
bodies. X5,800 
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Figs. 26-28. Cryofracture of scutellum epithelium layer from a 
caryopsis imbibed in 10 mM KNO3 for about 24 hr at 
25° C. Caryopsis was obtained from yellow foxtail 
seed lot 83 (dormant) 
26. XI,280 
27. XI,720 
28. Detail of interface separating endosperm from 
scutellum epithelium layer. X2,670 

Figs. 29-31. 
29. 
30. 
31. 
Cryofractures through coleoptile of a mature caryopsis 
imbibed in 10 mM KNO3 for about 24 hr at 25° C. Caryop­
sis was obtained from yellow foxtail seed lot 83 
(dormant) 
Overall view illustrating coleoptile, scutellum, and 
overlying caryopsis coat. X298 
Coleoptile cells are separated by large intercellular 
spaces. Arrows point to vacuolate protein bodies con­
taining both large and small globoids. X3,250 
Single cell of young leaf illustrating large nucleus 
surrounded by large vacuolate protein bodies. 
X5,600 

Fig. 32. Cryofracture of aleurone layer adjacent to scutellum from 
a caryopsis imbibed in 10 mM KNO3 for about 24 hr at 25° C. 
Caryopsis was obtained from yellow foxtail seed lot 83 
(dormant). Xl,680 
Figs. 33-34. Aleurone layers from caryopsis imbibed in 10 mM KNO3 
for about 72 hr at 25° C. Caryopsis was obtained from 
yellow foxtail seed lot 44 (nondormant) 
33. Aleurone layer near interface between scutellum and 
endosperm. Phase-contrast optics, paragon staining. 
X320 
34. Aleurone layer adjacent to endosperm. Note that the 
interior of most starch granules is completely digested. 
Phase-contrast optics, paragon staining. X220 
Fig. 35. Aleurone layer adjacent to coleorhiza of excised embryo 
cultured for 15 hr on a complete medium. Embryo was obtained 
from yellow foxtail seed lot 83 (dormant). Phase-contrast 
optics, methylene-blue-azure Il-basic fuchsin staining. 
XI,220 

Figs. 36-39. Cross-sections through excised embryo cultured on agar 
alone. Embryo was obtained from yellow foxtail seed 
lot 83 (dormant). Phase-contrast optics, methylene-
blue-azure II-basic fuchsin staining 
36. Overview of entire embryo illustrating morphology of 
radicle, coleorhiza, and scutellum. Arrow indicates 
position of a single endosperm cell still attached to 
scutellum epithelium layer. X250 
37. Higher magnification of radicle, coleorhiza, and 
aleurone layer depicted in Fig. 36. X120 
38. Higher magnification of coleorhiza and scutellum 
depicted in Fig. 36. X660 
39. Single endosperm cell still attached to epithelium 
layer of scutellum after embryo excision. Enlargement 
from region indicated by arrow in Fig, 36. XI,600 
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Figs. 40-41. Central radicle region of excised embryos. Stain was 
methylene-blue-azure Il-basic fuchsin. Embryos from 
yellow foxtail seed lot 83 (dormant) 
40. Radicle from embryo cultured on agar for 15 hr. 
Phase-contrast optics. XI,020 
41. Radicle from embryo cultured on complete media for 
15 hr. Bright-field optics. X970 
92 
Figs. 42-43. Radicles of excised embryos, 
blue-azure Il-baslc fuchsln. 
from yellow foxtail seed lot 
Stain was methylene-
Embryos were obtained 
83 (dormant) 
42. Radicle from embryo cultured on agar for 15 hr. 
Phase-contrast optics. X310 
43. Radicle from embryo cultured on complete medium for 
15 hr. Bright-field optics. X370 
Fig. 44. Mesocotyl of excised embryo cultured for 15 hr on complete 
medium. Embryo was obtained from yellow foxtail seed lot 
83 (dormant). Phase-contrast optics, methylene-blue-azure 
Il-baslc fuchsln staining. X890 
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Figs. 45-46. Radicle epidermal layer and adjacent coleorhiza of 
excised embryos cultured on agar for 15 hr. Embryos 
obtained from yellow foxtail seed lot 83 (dormant) 
45. Phase contrast optics, methylene-blue-azure II-
basic fuchsin staining. XI,300 
46. X16,100 

Figs. 47-48. Radicle epidermal layer and adjacent coleorhlza of 
excised embryos cultured for 15 hr on a complete medium. 
Embryos were obtained from yellow foxtail seed lot 83 
(dormant) 
47. Bright-field optics, methylene-blue-azure Il-baslc 
fuchsln staining. XI,530 
48. Note that lateral walls are compressed and that 
exterior walls are coated with a thick layer of poly­
saccharide (see Fig. 108). X10,900 
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Fig. 49. Pericycle of radicle from embryo cultured on agar for 
15 hr. Embryo was obtained from yellow foxtail seed lot 83 
(dormant). Phase-contrast optics, methylene-blue-azure II-
basic fuchsin staining. XI,560 
Fig. 50. Cortex cells of radicle from embryo grown on agar for 
15 hr. Embryo was obtained from yellow foxtail seed lot 
83 (dormant). X13,000 
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Fig. 51. Radicle protein body from embryo cultured on agar alone 
for 15 hr. Embryo was obtained from yellow foxtail seed 
lot 83 (dormant). Arrow indicates the close association 
of a rarely observed golgi body with the protein 
body. X46,800 
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Fig. 52. Protein bodies from the radicle cortex of embryo cultured 
on agar alone for 15 hr. Embryo was from yellow foxtail 
seed lot 83 (dormant). Localized pitting of matrix material 
is indicated by arrows. X19,400 
Figs. 53-54. Protein bodies from the scutellum of an embryo cultured 
on agar alone for 15 hr. Embryo was obtained from yel­
low foxtail seed lot 83 (dormant) 
53. X24,500 
54. X20,200 
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Fig. 55. Partially digested protein bodies from radicle cortex of 
an embryo cultured on agar alone for 15 hr. Embryo was 
obtained from yellow foxtail seed lot 83 (dormant). 
X23,800 
Fig. 56. Higher magnification of protein body indicated by arrow 
in Fig. 55. X49,900 
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Figs. 57-59. Partially digested protein bodies from radicle of embryo 
cultured on agar alone for 15 hr. Embryos were obtained 
from yellow foxtail seed lot 83 (dormant) 
57. X53,200 
58. X39,400 
59. Ultrastructure of small globoid from a radicle protein 
body. X148,400 
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Figs. 60-62. 
60. 
61. 
62. 
Nucleus from the stele of embryo cultured on a complete 
medium for 15 hr. Note that the nucleus is covered with 
numerous, circular globoid fragments while the sur­
rounding cytoplasm is not. These fragments were appar­
ently chipped-out from distant areas during sectioning. 
Embryo was obtained from yellow foxtail seed lot 83 
(dormant) 
Overall view. X26,300 
Higher magnification of area in Fig. 60 indicated 
by single arrow. X109,600 
Higher magnification of area in Fig. 60 indicated 
by double arrows. X109,600 
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Figs. 63-65. Flasmodesmata transversing radicle cell walls from 
embryos cultured on agar along for 15 hr. Embryos 
were obtained from yellow foxtail seed lot 83 (dormant) 
63. X30,200 
64. X57,000 
65. X49,800 
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Figs. 66-68. Amyloplasts from radicle cells of embryos cultured on 
agar alone for 15 hr. Embryos were obtained from 
yellow foxtail seed lot 83 (dormant) 
66. X41,300 
67. X35,900 
68. X57,000 
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Fig. 69. Typical phloem cell of radicle vascular cylinder from 
embryo cultured on agar alone for 15 hr. Embryo was 
obtained from yellow foxtail seed lot 83 (dormant). 
X23,100 
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Fig. 70. Phloem cells of radicle from embryo cultured on agar alone 
for 15 hr. All cells are slightly plasmolized (arrows) 
exposing numerous cytoplasmic strands connected to plasmo-
desmata. Embryo was obtained from yellow foxtail seed lot 
83 (dormant). X18,000 
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Fig. 71. Phloem cells of radicle from embryo cultured on agar alone 
for 15 hr. Protein bodies show evidence of partial diges­
tion. Although a few protein bodies have coalesced (arrow), 
this was infrequently observed in embryos cultured on agar 
alone. Embryo was obtained from yellow foxtail seed lot 
83 (dormant). X17,700 
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Fig. 72. Phloem cells of radicle from embryo cultured on agar alone 
for 15 hr. Embryo was obtained from yellow foxtail seed 
lot 83 (dormant). X10,500 
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Fig. 73. Portion of large central metaxylem cell of radicle from 
embryo cultured on agar alone for 15 hr. Embryo was 
obtained from yellow foxtail seed lot 83 (dormant). 
X14,100 
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Figs. 74-76. Cells from radicle vascular cylinder of embryos cultured 
on agar alone for 15 hr. Embryos were obtained from 
yellow foxtail seed lot 83 (dormant) 
74. Phloem. X14,600 
75-76. Cells of radicle vascular cylinder adjacent to protoxylem 
75. X17,400 
76. X14,000 
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Fig. 77. Protoxylem and surrounding cells of the radicle stele from 
embryo cultured on agar alone for 15 hr. Note congregation 
of lipid bodies near cell walls. Embryo was obtained from 
yellow foxtail seed lot 83 (dormant). X13,400 
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Fig. 78. Phloem cells of radicle from embryo cultured on agar alone 
for 15 hr. Lipid bodies are appressed against the cell 
wall. Embryo was obtained from yellow foxtail seed lot 83 
(dormant). X9,200 
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Fig. 79. Cortex cell from radicle of embryo cultured on a complete 
medium for 15 hr. Most of the matrix material of protein 
bodies has been digested except for one or more half-moon 
shaped clumps (arrows). Embryo was obtained from yellow 
foxtail seed lot 83 (dormant). X13,800 
132 
Fig. 80. Cortex cells from radicle of embryo cultured on a complete 
medium for 15 hr. Most of protein body matrix material has 
been digested. Large globoids (arrow) occur less frequently 
as they have already been digested. Embryo was obtained 
from yellow foxtail seed lot 83 (dormant). X13,800 
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Cortex cell from radicle of embryo cultured on a complete 
medium for 15 hr. Within the protein body indicated by the 
single arrow, note the structural dissimilarities between 
half-moon shaped clump of matrix material and two digested 
globoids nearby. Surface views of nuclear pores are visible 
in nucleus (bottom center). Embryo was obtained from yellow 
foxtail seed lot 83 (dormant). X10,800 
Higher magnification of area between arrows in Fig. 81. 
X22,500 
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Figs. 83-84. Cortex of radicles from embryos cultured on a complete 
medium for 15 hr. Embryos were obtained from yellow 
foxtail seed lot 83 (dormant) 
83. Protein bodies containing prominent globoids are most 
prevalent adjacent to epidermal layer. Phase-contrast 
optics, methylene-blue-azure Il-basic fuchsin staining. 
X2,200 
84. Protein bodies are vacuolate except for partially 
digested globoids. X13,500 
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Fig. 85. Cortex cells of radicle from embryo cultured on a complete 
medium for 15 hr. Arrow indicates position of digested 
globoids depicted in Figs. 86-87. Embryo was obtained from 
yellow foxtail seed lot 83 (dormant). X13,400 
Figs. 86-89. Partially digested globoids from cortex cells of radicle 
from embryo cultured on a complete medium for 15 hr. 
Embryo was obtained from yellow foxtail seed lot 83 
(dormant) 
86-87. Detail of digested globoids indicated by arrow and 
double arrow in Fig. 85, respectively. X48,600 
88-89. X47,000 
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Figs. 90-91. Serial sections of cortex cells of radicle from embryo 
cultured on a complete medium for 15 hr. Embryo was 
from yellow foxtail seed lot 83 (dormant). Xl2,300 
142 
Fig, 92. Cortex cell of radicle from embryo cultured on a complete 
medium for 15 hr. Protein bodies have coalesced or appear 
about to. Embryo was obtained from yellow foxtail seed 
lot 83 (dormant). X13,800 
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Fig. 93. Coalescence of protein bodies in cortex cell of radicle 
from embryo cultured on a complete medium for 15 hr. Embryo 
was obtained from yellow foxtail seed lot 83 (dormant). 
X24,600 
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Fig. 94. Cortex cell of radicle from embryo cultured on complete 
medium for 15 hr. Organelles are prominent against the 
cytoplasm. Embryo was obtained from yellow foxtail seed 
lot 83 (dormant). X14,500 
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Fig. 95. Phloem of radicle from embryo cultured on a complete medium 
for 15 hr. Fragments of digested globoids are indicated 
by the arrows. Embryo was obtained from yellow foxtail 
seed lot 83 (dormant). Xll,700 
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Fig. 96. Phloem of radicle from embryo cultured on complete medium 
for 15 hr. Note that all cells are slightly plasmolyzed 
(arrows). Embryo was obtained from yellow foxtail seed 
lot 83 (dormant). X13,300 
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Fig. 97, Cells of radicle stele from embryo cultured on complete 
medium for 15 hr. Note that lipid bodies are evenly dis­
tributed throughout cytoplasm rather than congregated near 
the cell wall. Embryo was obtained from yellow foxtail 
seed lot 83 (dormant). X13,800 
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Fig. 98. Protoxylem cell of radicle from embryo cultured on a 
complete medium for 15 hr. Nucleus has amoeba-like shape. 
Embryo was obtained from yellow foxtail seed lot 83 
(dormant). XI6,300 
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Fig. 99. Phloem cells of radicle from embryo cultured on a complete 
medium for 15 hr. Note amoeba-like shape of nuclei. 
Embryo was obtained from yellow foxtail seed lot 83 
(dormant). X9,000 
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Fig. 100. Cells from vascular cylinder of radicle from embryo 
cultured on a complete medium for 15 hr. Note amoeba-like 
shape of nuclei. Embryo was obtained from yellow foxtail 
seed lot 83 (dormant). X13,800 
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Figs. 101-102. Protoxylem cell and surrounding cells of radicle from 
embryo cultured on a complete medium for 15 hr. 
Embryo was obtained from yellow foxtail seed lot 83 
(dormant) 
101. Bright-field optics, methylene-blue-azure Il-basic 
fuchsin staining. X2,080 
102. X14,200 
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Fig, 103. Phloem cells of radicle from embryo cultured on a complete 
medium for 15 hr. Embryo was obtained from yellow foxtail 
seed lot 83 (dormant). X10,800 
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Fig. 104. Nucleus of cell in stele of radicle from embryo cultured 
on a complete medium for 15 hr. Note swollen condition 
of nuclear envelope. Embryo was obtained from yellow 
foxtail seed lot 83 (dormant). X25,000 
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Fig. 105. Phloem cells of radicle from embryo cultured on a complete 
medium for 15 hr. Organelles are easily distinguished in 
the cytoplasm. Embryo was obtained from yellow foxtail 
seed lot 83 (dormant). X13,500 
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Figs. 106-111. Cross-sections through radicle of embryo cultured on 
agar alone for 15 hr. Sections were stained for 
insoluble polysaccharides using periodic acid-Schiff's 
reaction. Starch granules appear as black dots. 
Embryo was obtained from yellow foxtail seed lot 
83 (dormant) 
106. Entire embryo in cross-section. Starch is present 
in most tissues but is conspicuously absent in radicle 
stele. Note endosperm fragments still attached to 
scutellum epithelium layer. X136 
107. Amylase digestion control for Fig. 106. X136 
108. Higher magnification of aleurone layer, coleorhiza, 
scutellum, and radicle depicted in Fig. 106. Note 
intensely staining layer surrounding radicle. 
X290 
109. Amylase digestion control for Fig. 108. X290 
110. Higher magnification of radicle depicted in Fig. 106. 
Circular patterns of starch granules outline position 
of nuclei in the cells. X549 
111. Amylase digestion control for Fig. 110. X583 
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Figs. 112-117. 
112. 
113. 
114. 
115. 
116. 
117. 
Cross-sections through radicle of embryo cultured on 
complete medium for 15 hr. Sections were stained for 
insoluble polysaccharides using periodic acid-Schiff's 
reaction. Starch granules appear as black dots. 
Embryo was obtained from yellow foxtail seed lot 83 
(dormant) 
Entire embryo in cross-section. Note the relatively 
small amount of starch contained in the radicle stele. 
X141 
Amylase digestion control for Fig. 112. X141 
Higher magnification of radicle and scutellum depicted 
in Fig. 112. Note intensely staining layer surround­
ing radicle. X595 
Amylase digestion control for Fig. 114. X595 
Higher magnification of upper right corner of Fig. 112. 
X349 
Scutellum epithelium layer depicted in Fig. 112. 
Compare size of scutellum starch granules with those 
of the endosperm fragments still attached to the 
epithelium layer. X582 
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Figs. 118-120. Mesocotyl of floret stratified at 7° C for 25 weeks. 
Floret was obtained from yellow foxtail seed lot 83 
(dormant). Phase contrast optics, methylene-blue-
azure Il-basic fuchsin staining 
118. Overall view of mesocotyl cross-section. X513 
119. Higher magnification of vascular cylinder depicted 
in Fig. 118. Note two large metaxylem cells. 
X990 
120. Higher magnification of two large metaxylem cells 
depicted in Fig, 119. Xl,870 
174 
s> 
Fig. 121. Mesocotyl cortex cells from floret stratified at 7° C 
for 25 weeks. Floret was obtained from yellow foxtail 
seed lot 83 (dormant). X10,700 
176 
Fig. 122. Mesocotyl cortex cells from floret stratified at 7° C 
for 25 weeks. Many protein bodies contain globoids, some 
of which were chipped-out during sectioning. Floret was 
obtained from yellow foxtail seed lot 83 (dormant). 
X10,700 
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Fig. 123. Cells from vascular cylinder of mesocotyl from floret 
stratified at 7° C for 25 weeks. Floret was obtained 
from yellow foxtail seed lot 83 (dormant). X12,000 
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Fig. 124. Cells of vascular cylinder of mesocotyl from floret strati­
fied at 7° C for 25 weeks. Floret was obtained from yellow 
foxtail seed lot 83 (dormant). Xll,200 
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Fig. 125. Cells of vascular cylinder of mesocotyl from floret 
stratified at 1° C for 25 weeks. Floret was obtained 
from yellow foxtail seed lot 83 (dormant). X10,400 
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Fig. 126. One of two large metaxylem cells of mesocotyl from floret 
stratified at 7° C for 25 weeks. Floret was obtained 
from yellow foxtail seed lot 83 (dormant). X10,500 
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Fig. 127. Cell of mesocotyl vascular cylinder from floret stratified 
at 7° C for 25 weeks. Floret was obtained from yellow 
foxtail seed lot 83 (dormant). X40,200 
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Fig. 128. One of two large mesocotyl metaxylem cells from floret 
stratified at 7° C for 25 weeks. Floret was obtained from 
yellow foxtail seed lot 83 (dormant). X10,600 
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Figs. 129-134. Cross-sections through radicle of a floret stratified 
at 7° C for 25 weeks. Sections were stained for 
insoluble polysaccharides using periodic acid-Schiff's 
reaction. Starch granules appear as black dots. 
Floret was obtained from yellow foxtail seed lot 83 
(dormant) 
129. Intact caryopsis in cross-section. Note the absence 
of starch in the embryo. Endosperm starch is intact. 
X143 
130. Amylase digestion control for Fig. 129. X143 
131. Higher magnification of scutellum depicted in Fig. 129. 
Note the absence of starch granules. X350 
132. Amylase digestion control for Fig. 131. X350 
133. Higher magnification of radicle depicted in Fig. 129. 
Most hollow circles are not starch grains, but bubbles 
which developed during coverslip mounting. X580 
134. Scutellum epithelium layer depicted in Fig. 129. 
X566 
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Figs. 135-140. Cross-sections through mesocotyl of a floret stratified 
at 7° C for 25 weeks and then allowed to germinate for 
27 hr at 25° C. Sections were stained for insoluble 
polysaccharides using periodic acid-Schiff's reaction. 
Starch granules appear as black dots. Floret was 
obtained from yellow foxtail seed lot 83 (dormant) 
135. Overall view of entire caryopsis. X58 
136. Amylase digestion control for Fig. 135. X58 
137. Higher magnification of Fig. 135. X180 
138. Amylase digestion control for Fig. 137. X180 
139. Higher magnification of scutellum depicted in Fig. 
135. Note numerous small starch granules forming 
throughout-scutellum. Endosperm starch adjacent to 
scutellum epithelium layer has undergone partial 
digestion. X350 
140. Amylase digestion control for Fig. 139. X350 
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Figs. 141-144. 
141, 
142-144. 
Cross-sections through radicle of a floret stratified 
at 7° C for 25 weeks and then allowed to germinate 
for 27 hr at 25° C. Phase contrast optics, methylene-
blue-azure Il-basic fuchsin staining 
Overall view of radicle. X238 
Higher magnifications of Fig. 141 
142. Cortex near pericycle. XI,760 
143. X840 
144. X840 
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Fig. 145. Phloem of radicle from a floret stratified at 7° C for 
25 weeks and then allowed to germinate for 27 hr at 25° C. 
Organelles are easily distinguished (arrows) in the cyto­
plasm. Floret was obtained from yellow foxtail seed lot 
83 (dormant). X10,590 
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Fig. 146. Phloem of radicle from a floret stratified at 7° C for 
25 weeks and then allowed to germinate for 27 hr at 25° C. 
Note that lipid bodies are distributed throughout the 
cytoplasm rather than congregated against the cell wall. 
Floret was obtained from yellow foxtail seed lot 83 
(dormant). X9,120 
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Fig. 147. Protoxylem and surrounding cells of radicle from floret 
stratified at 7° C for 25 weeks and then allowed to germi­
nate for 27 hr at 25® C. Note the amoebic shape of some 
of the nuclei. Floret was obtained from yellow foxtail 
seed lot 83 (dormant). X10,800 
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Fig, 148. Protoxylem and surrounding cells of radicle from a floret 
stratified at 7° C for 25 weeks and then allowed to germi­
nate for 27 hr at 25° C. Note that the nuclear membrane 
is slightly swollen (arrow), but exhibits considerable 
staining. Floret was obtained from yellow foxtail seed 
lot 83 (dormant). X10,700 

Fig. 149. Protoxylem and surrounding cells of radicle from a floret 
stratified at 7° C for 25 weeks and then allowed to germi­
nate for 27 hr at 25° C. Most protein bodies are void 
of matrix material except for one or more half-moon shaped 
clumps. Floret was obtained from yellow foxtail seed lot 
83 (dormant). X10,500 
4 

Fig. 150. Newly divided radicle cell from a floret stratified at 
7° C for 25 weeks and then allowed to germinate for 27 hr 
at 25° C. Cell plate is visible at arrows. Floret was 
obtained from yellow foxtail seed lot 83 (dormant). 
X10,900 
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Fig. 151. Cortex cells of radicle from a floret stratified at 7° C 
for 25 weeks and allowed to germinate for 27 hr at 25° C. 
•Protein bodies are void of matrix material except for one 
or more half-moon shaped clumps appressed against the 
limiting membrane. Floret was obtained from yellow foxtail 
seed lot 83 (dormant). X10,300 
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Fig. 152. Cortex cell of radicle from a floret stratified at 7° C 
for 25 weeks and then allowed to germinate for 27 hr at 
25° C. Note that digestion of protein body matrix material 
has freed numerous small clumps of material. These clumps 
may represent individual depositions of material during 
protein body development. Floret was obtained from yellow 
foxtail seed lot 83 (dormant). X12,400 
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Fig, 153. Effect of stratification on germination, total reducing 
sugar, and sucrose content of florets from yellow foxtail 
seed lot 83 (dormant) 
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DISCUSSION 
Results from this study indicate that caryopsis dormancy release 
by the technique of embryo excision in yellow foxtail is mediated by 
simple sugars. Similar results have been reported for wild oats by 
Naylor and Simpson (1961). This hypothesis contrasts with the findings 
of Rost (1971b, 1972) that caryopsis dormancy release by embryo exci­
sion in yellow foxtail occurs in the absense of exogenously supplied 
nutrients. Since this was not observed in the present study, it is 
suggested that the caryopses used by Rost as a source of embryos were 
actually nondormant. Unfortunately, Rost provided no evidence as to 
the dormancy status of the caryopses in question, so interpretation 
of his results remains ambiguous. 
Results from this study leave unresolved, however, the question 
as to whether the release from caryopsis dormancy is simply in response 
to physically excising the embryo and that the effect of the sugar or 
carbon source is to facilitate that release via a nutritive role. There 
is some evidence that the release from dormancy is attributable to the 
supplied sugar alone. First, Naylor and Simpson (1961) determined that 
dormancy release in newly matured embryos of wild oats is separable into 
deficiencies of two requirements, (1) a requirement for sucrose and 
(2) a requirement for gibberellic acid. Their evidence suggests that 
during after-ripening the satisfaction of the requirement for sucrose 
precedes that for gibberellin. These investigators did not ascribe a 
specific function to this sucrose requirement. Secondly, it is clear 
from this study that, during stratification, the sucrose and reducing 
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sugars content of the caryopsis increases steadily. As will be discussed 
later, there is good evidence that these increases were apparently 
restricted to the embryo. Thus, in intact caryopses subjected to strati­
fication, release from dormancy appeared to be highly correlated with 
an increased availability of sugar to the embryo. 
Several conclusions can be drawn from ultrastructural observations 
of dormant embryos and embryos receiving dormancy breaking treatments. 
First, a number of processes appeared to be directly inhibited by dor­
mancy imposition. These included (1) complete protein body degradation 
and subsequent coalescence of formed vacuoles, (2) embryo protein body 
globoid degradation, (3) movement of lipid bodies away from the cell 
wall, (4) organelle assembly and differentiation, and (5) nuclear reor­
ganization and/or derepression. It did appear clear that partial degra­
dation of protein body matrix material and globoids was activated by 
hydration irrespective of the dormancy status, but complete protein body 
degradation required release from dormancy. Changes in the ultrastruc­
ture of stratified embryos allow one to distinguish between those proc­
esses which were associated with the release from dormancy from those 
which were associated primarily with germination. Such comparisons indi­
cated that those processes which were associated with the latter, i.e., 
germination but not dormancy release, included processes (1), (2), and 
(3) as above. Those ultrastructural changes which appeared to be most 
closely associated with dormancy loss included processes (4), (5) as above, 
and a unique event observed only in stratified caryopses, the loss of 
embryo starch. Since sucrose accumulated in the caryopsis during strati­
fication, it seems reasonable that some of the increases in sucrose 
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content were restricted to the embryo considering the loss of starch 
observed in that tissue. Indirect evidence discussed in Part IV of this 
study suggests that all of the observed increases in sucrose and reducing 
sugars during stratification were restricted to the embryo. The order 
in which these three processes related to dormancy release occurred 
during stratification was not clear, but the evidence suggests that the 
conversion of starch to sucrose preceded processes (4) and (5). Increases 
in sucrose and reducing sugar during stratification were evident long 
before dormancy release was effected (Fig. 153). Apart from the loss 
in starch in the embryo during stratification, it is significant that 
the ultrastructural changes that accompanied dormancy loss as a result 
of exogenous fructose (and presumably sucrose as well) in nonstratified 
embryos were the same as those that occurred during release from dormancy 
via stratification. The fact that both of these dormancy relieving 
treatments had the effect of increasing the sucrose and/or reducing sugar 
content of the embryo strongly suggests that they operated through the 
same mechanism and differed only in the manner in which the increases 
in sugar content were achieved. 
Although the mechanism of sugar-mediated dormancy release was not 
investigated in this study, some evidence suggests that it is associated 
with an increased participation of the pentose phosphate pathway in the 
respiratory metabolism of the embryo itself. This hypothesis has been 
espoused recently by a number of Investigators (Roberts, 1969, 1973; 
Simmonds and Simpson, 1971, 1972; Taylorson and Hendricks, 1976). An 
increase in the activity of the pentose phosphate pathway has been 
correlated with the loss of dormancy in the seeds of wild oats (Simhonds 
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and Simpson, 1971, 1972; Kovacs and Simpson, 1976), sour cherry 
(LaCroix and Jaswal, 1967), barley and rice (Major, 1966, as quoted by 
Roberts, 1973). This increase in the activity of the pentose phosphate 
pathway in dormant seeds is currently believed to occur through suppres­
sion of conventional respiration via glycolysis, the tricarboxylic acid 
cycle, and oxidative phosphorylation. Roberts (1969, 1973) has postu­
lated that this suppression of conventional respiration would spare 
molecular oxygen for another unidentified oxidase system involved in 
the oxidation of NADPH^ , which appears to be the only limitation to the 
operation of the pentose phosphate pathway in many dormant seeds. Pre­
sumably exogenous sugars would effect suppression of conventional respir­
ation (relieving dormancy in the process) by the Crabtree effect, i.e., 
glucose inhibition of oxygen consumption via oxidative phosphorylation 
by feedback inhibition of phosphofructokinase. Apart from the sparing 
effect that such a suppression would have on molecular oxygen for an 
alternate oxidase system, accumulation of fructose-6-phosphate at the 
level of phosphofructokinase would favor shunting of hexose through the 
pentose phosphate pathway. Although it is not clear why such a shift 
in respiratory metabolism to the pentose phosphate pathway leads to 
germination, a few investigators (Roberts, 1973; Simmonds and Simpson, 
1971) point to the well-established role of this pathway in producing 
reducing power for biosynthetic purposes and pentose phosphates for 
nucleotide synthesis (Turner and Turner, 1975). 
One can speculate from the results of this study that metabolism 
of sugar might also be associated with processes which permit during 
hydration the rapid assembly of organelles and nuclear activation that 
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seemed on the ultrastructural level to associated with dormancy loss. 
This might involve, as an example, the reduction in the level of an 
inhibitor that was present in the embryo (e.g., abscisic acid) Recent 
work on the dormancy in wild rice and its absence in vivaparous maize 
unequivocally demonstrates that imposition of dormancy in both these 
cases is highly correlated with the relative levels of abscisic acid 
in the embryo (Brenner, Burr, and Burr, 1977; Albrecht et al., 1978). 
Kollman (1970) isolated abscisic acid-like activity from dormant caryopses 
of yellow foxtail but was unable to demonstrate a reduction in this 
inhibitor during stratification. However, the possibility exists that 
a reduction in the level of this inhibitor occurs during germination, 
but, unfortunately, this was not determined. 
In this study, sugars differed in their effectiveness in relieving 
dormancy in cultured, excised embryos from after-ripened yellow foxtail 
florets. Dormancy was substantially relieved by sucrose in the absence 
of minerals, but dormancy was completely relieved with the addition of 
the latter in combination with sucrose (Table 6). Fructose was as effec­
tive as sucrose and significantly more effective than maltose and glucose. 
The greater effectiveness of sucrose relative to maltose or glucose may 
be related to its role as the principal transport sugar in plants (Wardlaw, 
1974). It is generally accepted that sucrose is rapidly synthesized in 
the scutellum during germination and very little glucose and maltose 
originating in the endosperm accumulates as such in that tissue (Nomura 
et al,, 1969). Chen and Vamer (1969) have demonstrated that dormant 
wild oat caryopses were deficient in the ability to synthesize sucrose 
from exogenous sources of maltose and glucose relative to nondormant 
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caryopses, but it was not determined which step in the pathway was 
limiting. This explanation would not seem to adequately explain the 
potency of fructose relative to glucose unless one predicates that the 
uptake of fructose is greater than that of glucose. Even if a prefer­
ential uptake of fructose is not assumed, there is some indirect evidence 
that the initial phosphorylation by hexokinase would favor more rapid 
assimilation of fructose. Cox and Dickinson (1973) reported that, in 
germinating maize scutellum, the Michaelis constant (K^ ) for hexokinase 
was lower (0,05 mM) with fructose as the variable substrate than with 
glucose (0.18 iriM) when substrate concentrations were held low, i.e., 
2 mM or less. 
An alternative hypothesis might invoke none of the above assumptions. 
According to Turner and Turner (1975), glucose-l-phosphate, glucose-6-
phosphate, and fructose-6-phosphate can be considered as essentially a 
common pool due to the reversible reactions of phosphoglucomutase and 
glucose phosphate isomerase. As these authors point out, many pathways 
compete for a share of this common pool, and the flow of carbon is 
regulated by complex end-product interactions between separate pathways 
depending upon the needs of the cell. The greater potency of exogenous 
fructose as opposed to glucose in relieving dormancy in excised yellow 
foxtail embryos is likely inextricably tied to the manner in which 
exogenous fructose affects carbohydrate flow from this common pool. In 
line with the pentose phosphate pathway dormancy hypothesis (Roberts, 
1969, 1973), large exogenous supplies of fructose might simply overwhelm 
the capacity of a regulatory system geared to handling glucose. Perhaps 
as a compensatory response, more hexose would be shunted through the 
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pentose phosphate pathway than would seem warranted by suppression of 
glycolysis alone relative to amounts observed when glucose served as the 
dormancy releasing sugar. More evidence than is supplied in this study 
will be needed to substantiate such an explanation. 
Regardless of the precise mechanism, the results of this study 
suggest that metabolic events leading to germination are dependent upon 
carbohydrate metabolism. Results from this study are also consistent 
with the hypothesis that caryopsis dormancy is caused by a specific block 
in carbohydrate metabolism that limits the supply of sugar to the embryo 
during hydration. Available evidence suggests that this block is associ­
ated more with the embryo's access to a continual supply of sugar rather 
than due to a deficiency in endogenous levels initially. Concerning the 
latter, measurements made in this study (Table 6) indicate that both the 
levels of sucrose and reducing sugar were actually slightly higher in 
unimbibed dormant caryopses than in nondormant ones. This agrees with 
the findings of Nieto-Hatem (1963) that there were only slight differences 
in the levels of sucrose and reducing sugar between unimbibed dormant and 
nondormant caryopses of yellow foxtail. Direct evidence supporting the 
hypothesis that dormant embryos are unable to maintain a continual supply 
of sugar during imbibition is currently unavailable. However, this 
hypothesis is consistent with the observation that release from dormancy 
in excised embryos required a continuous supply of sugar (e.g., fructose, 
unreplicated experiment using five embryos). In contrast to supplying 
fructose continuously, germination was considerably less than 100% when 
excised embryos were transferred to agar after eight or less hours on 
fructose. These results could be interpreted to mean that supplying 
222 
sugar exogenously to excised embryos does not actually remove the spe­
cific block to dormancy, but rather simply bypasses it. As was demon­
strated in this study (Table 6), embryos excised from nondormant caryop­
ses germinated (although weakly) in the absence of exogenous sugars. 
If it is assumed that metabolism of carbohydrate is necessary for germi­
nation to occur, such embryos would appear to be limited to only three 
potential sources of carbohydrate; (1) storage triacylglyceride, 
(2) protein, and (3) embryo starch. As already demonstrated in Part II 
of this dissertation, mobilization of storage triacylglyceride commences 
rather late in the germination of yellow foxtail caryopses. Thus, it 
would appear that synthesis of carbohydrate from embryo lipid reserves 
would not, at least initially, be the primary source of carbohydrate. 
Since partial protein body degradation occurred in both dormant and 
nondormant embryos prior to germination, one could conclude that these 
reserves were assimilated for purposes other than gluconeogenesis. Thus, 
the most likely initial source of carbohydrate to an embryo excised from 
a nondormant caryopsis would be the degradation of embryo starch. If 
embryo starch serves as the initial source of carbohydrate during imbi­
bition, then it could be hypothesized that germination would not occur 
if physiological conditions within the embryo did not favor its conver­
sion to sucrose. It is clear from the results of this study that the 
physiological conditions of the embryo during stratification are favor­
able for the in vivo synthesis of sucrose at the expense of embryo 
starch. Presumably, if caryopsis dormancy were to be explained by a 
physiological block in the conversion of embryo starch to sucrose, then 
physiological conditions in the embryo during imbibition at higher 
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temperatures would seem to have to favor the reverse reaction, i.e., 
the conversion of sucrose to embryo starch. Such a hypothesis would 
seem to be substantiated by the observed synthesis of starch in embryos 
cultured on a complete medium or in those allowed to germinate at 25° C 
after stratification. One could argue that, in these instances, the 
levels of sugar available to the embryo were sufficient to permit 
germination as well as starch synthesis in the embryo. Exactly how 
temperature would alter the physiological condition of the embryo to 
regulate starch-sucrose interconversions was not investigated in this 
study. However, since the phenomenon is well-documented in other plant 
tissues such as the potato tuber (Pressey and Shaw, 1966) and twigs of 
willow and poplar (Sakai, 1966), its physiological basis is probably 
not unique to yellow foxtail. What would be unique for yellow foxtail 
would be the adaptation of this phenomenon as a timing mechanism that 
permitted germination during only one period of the year in a temperate 
climate, i.e., the spring. One can speculate on the basis of the 
hypothesis presented in this study how this might occur. During the 
rising soil temperatures of spring, germination would be expected to 
occur because the physiology of the embryo, under the influence of the 
cool temperatures of the fall and winter, would have favored an accumula­
tion of sugars (primarily sucrose) in the embryo at the expense of embryo 
starch. If for some reason, a floret remained in enforced dormancy 
during spring, then it would be expected that any accumulated sugars 
would slowly be converted back to embryo starch due to a direct effect 
of higher temperatures on the physiology of the embryo. Eventually, a 
point would be reached when the levels of sugars available to the embryo 
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would be insufficient to permit germination. Thus, dormancy would 
appear to be induced and this is exactly what one observes in the natural 
environment by mid-summer (Sells, 1965). The consistency of such observed 
release and induction of caryopsis dormancy under natural conditions with 
the hypothesis proposed in this study suggests that this hypothesis 
warrants further consideration in future investigations. 
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PART IV, ENDOSPERM STARCH SUSCEPTIBILITY TO AMYLOLYTIC DIGESTION 
IN RELATION TO CARYOPSIS DORMANCY IN SETARIA LUTESCENS 
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INTRODUCTION 
The resistance of raw cereal starches to amylolytic digestion has 
been shown to depend on the genotype of the endosperm in which it was 
formed (Leach, McCowen, and Schoch; 1959; Leach and Schoch, 1961; Sand-
stedt et al., 1962; Sandstedt, Kites, and Schroeder, 1968). Breeders 
have identified at least six recessive genes that influence not only 
the susceptibility of maize starch to amylolytic digestion, but also a 
number of physical properties such as amylose content and the pattern 
of swelling, water absorption, and solubilization during gelatinization 
(Spraque, Brimhall, and Hixon, 1943; Kramer and Whistler, 1949; Taki, 
Hisamatsu, and Yamada, 1976). During the germination of a cereal cary-
opsis, much of the endosperm starch is rapidly degraded by amylases 
secreted by the scutellum and aleurone layer (Bewley and Black, 1978). 
Little attention has been paid to what effect the relative susceptibility 
of endosperm starch to amylolytic degradation has on the dormancy and 
germination of cereal caryopses. Nikuni (1978) found that the tempera­
ture at which rice heads were ripened had a profound effect on the quality 
of endosperm starch produced. He implied that the subsequent poor 
germination of rice matured under higher temperatures was directly 
related to the differences observed in the endosperm starches. Sullins 
and Rooney (1974) have claimed that differences in the distribution of 
the proteinaceous matrix material in sorghum endosperms accounted for 
differences observed in the susceptibility of endosperm starch to sub­
sequent amylolytic digestion. 
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In this study, the susceptibility to and pattern of amylolytic 
digestion of both the intact endosperm and isolated starch grains from 
yellow foxtail caryopses was examined in relation to their dormancy. 
The effect of the proteinaceous matrix material of the endosperm on 
the resistance of endosperm starch to amylolytic digestion was also 
evaluated. 
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MATERIALS AND METHODS 
Microscopy 
Intact caryopses were imbibed for 24 hr (see methods section, 
this study, Part I). Imbibed caryopses werê then fixed for 2 hr in 2.5% 
glutaraldehyde and then post-fixed in 1% osmium tetroxide (see methods 
section, this study. Part II). Fixed caryopses were dehydrated in an 
ethanol series, immersed in liquid and fractured with a razor blade. 
Fracture-pieces were rinsed (3X) for five min with Freon 13 and dried 
with a critical-point apparatus using liquid CO^  as the flush solvent. 
Endosperms and isolated starch grains from enzymatic digestion 
studies were first rinsed with water. Endosperms were frozen in liquid 
propane and fractured with a razor blade. Lyophilized fracture pieces 
were mounted directly onto brass stubs with silver paint. Samples of 
starch grain digestions were simply air-dried onto coverslip fragments 
mounted on brass stubs. All specimens were then coated with carbon 
and gold in a Varian model VE-30 vacuum evaporator prior to viewing 
on a Jeol model JSM-35 scanning electron microscope. 
Seed 
Yellow foxtail florets were obtained from seed lots 44 (nondormant) 
and 83 (dormant)(see methods section, this study. Part II). Endosperms 
were obtained for enzymatic digestion studies by the following procedure. 
Caryopses were first dissected away from their lemma and palea by hand. 
Embryos (including embryo axis, scutellum, and overlying portions of the 
pericarp, testa, and aleurone layer) were then excised with a razor 
blade and discarded. Caryopses for starch isolation were obtained 
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through a modification of the procedure of Johnston and Stein (1957) as 
described in the methods section of Part II. 
Enzymes 
Crude bacterial «-amylase (Type III-A) from Bacillus subtilus was 
obtained from Sigma Chemical. According to the manufacturer, one mg of 
this preparation released about 33.3 mg maltose/min from solubilized 
starch at pH 6.9 at 20° C. Bovine pancreatic protease was obtained 
from Worthington Biochemical. Its activity was not quantitated precisely. 
Enzymatic digestion studies 
Experimental design for all digestion experiments was a completely 
randomized block with two replications. An experimental unit for any 
digestion experiment consisted of a single 12 x 75 mm borosilicate cul­
ture tube containing the appropriate substrate, i.e., endosperms or 
starch grains. Experimental units were prepared prior to the addition 
of enzyme (as opposed to sampling from a batch) and randomly removed 
from separate racks in a shaking water bath which constituted the experi­
mental replications. Blanks consisted of substrate in buffer without 
enzyme. 
Isolation of starch grains 
About 20 gm of caryopses were ground (3X) in 0.5 M NaCl and the 
grindings squeezed through cheesecloth. After centrifuging at about 
1000 X for 15 min, the starch pellet was repeatedly extracted with 
70% ethanol and 0.001 N NaOH. The grayish protein layer on top of the 
final starch pellet was removed with a spatula. The remaining starch 
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pellet was dried in a vacuum oven at about 22° C overnight and kept 
desiccated at room temperature until use. 
Reducing sugar determination 
Reducing sugar was determined according to the procedure of Nelson 
and Somogyi as described by Spiro (1966). Reducing sugar was expressed 
as glucose equivalents. 
Stratification 
Florets from yellow foxtail seed lot 83 were stratified for about 
11 weeks at 7° C in 10 KNOg as described in the methods section of Part 
III. 
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RESULTS 
Morphology of Endosperm Reserve Materials 
As with many other members of the Gramineae, the major storage 
reserves of yellow foxtail endosperm are starch and protein (Fig. 154-
160). Starch was present in the form of fairly uniform granules about 
5 ;jm in diameter. The dense packing of these granules gave them a dis­
tinctly angular appearance (Figs. 154-159) typical of the "horny or 
hard" regions found in maize, sorghum, and millet endosperms (Kerr, 
1950; Badi, Hoseney, and Casady, 1976). Few "soft or floury" regions 
were observed, i.e., where starch granules were more nearly spherical 
and more loosely packed. Interspersed among starch granules were smaller 
protein bodies about 1-2 jjm in diameter (Fig. 159). Starch granules 
frequently exhibited numerous indentations which resulted when they were 
appressed against these smaller protein bodies (Fig. 159). The ultra-
structure of these protein bodies has been previously examined by Rost 
(1971a). 
Starch granules and protein bodies were embedded in a granular, 
proteinaceous matrix, which represents presumably the remnants of the 
endosperm cell cytoplasm (Figs. 159-160). Although starch granules were 
present in all cells of the endosperm, their numbers were greatest in 
the interior regions (Fig. 157). Near the endosperm periphery, more of 
the endosperm cell volume was taken up by protein bodies (Fig. 158). 
During germination of an intact caryopsis, degradation of the endo­
sperm was first observed in centrally-located endosperm cells adjacent 
to the epithelium layer of the scutellum (Fig. 161). As germination 
Figs. 154-155. Cryofractures of the central endosperm of a germinating 
yellow foxtail caryopsis. Large, polyhedral endosperm 
cells are densely packed with numerous starch grains. 
Endosperms are from intact caryopses imbibed for 24 hr 
as described in methods section. Part I 
154. XI,750 
155. XI,370 
Fig. 156. Plastic thick-section of central endosperm cells from 
germinating yellow foxtail caryopses, 72 hr after the onset 
of imbibition. Germination conditions were the same as 
described in methods section. Part I. Paragon stain, 
phase-contrast optics. XI,570 
233 
Fig. 157. Corner view of a single, centrally located endosperm cell. 
Most of the cell volume is taken up by numerous starch 
grains which appear block-shaped due to being appressed 
against the thin endosperm wall. Indentations in a few 
of the grains indicate the former sites of smaller protein 
bodies which fell out during cryofracturing. Cell is from 
an intact, nondormant yellow foxtail caryopsis imbibed for 
24 hr as described in methods section. Part I. X3,580 
Fig. 158. View of endosperm cell contents near the aleurone layer. 
Note the great number of protein bodies interspersed among 
the larger starch grains. Cell is from same endosperm as 
in Fig. 157. X5,860 
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Fig. 159. Detail of central endosperm cell contents. Interspersed 
among starch grains are numerous smaller protein bodies. 
Also visible are fragments of the proteinaceous matrix 
material which presumably represents the remnants of the 
cell cytoplasm. X8,030 
Fig. 160. Higher magnification of the granular, proteinaceous matrix 
material of the endosperm. A starch grain is attached on 
the right. X28,000 

Fig. 161. Centrally located interface between endosperm and scutellum 
epithelium layer of nondormant yellow foxtail caryopsis 
24 hr after imbibition onset. Many endosperm starch grains 
have undergone extensive degradation. Germination condi­
tions are described in methods section, Part I. X2,930 
Fig. 162. Interface between endosperm and epithelium layer of scutellum 
near aleurone layer of a nondormant yellow foxtail caryopsis 
72 hr after imbibition onset. The contents of many endosperm 
cells adjacent to epithelium and aleurone layers have been 
completely degraded. Germination conditions are described 
in methods section, Part I. Paragon stain, phase-contrast 
optics. X478 
Fig. 163. Centrally located interface between endosperm and scutellum 
epithelium layer of nondormant yellow foxtail caryopsis 72 
hr after imbibition onset. Note the extensive elongation 
of epithelium cells into the degraded endosperm. Germina­
tion conditions are described in methods section. Part I. 
Paragon stain, phase-contrast optics. X680 
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proceeds, degradation of the endosperm proceeded rapidly along the 
entire epithelium layer of the scutellum. Eventually, degradation was 
more evident in peripheral areas, indicative of a greater involvement 
of the aleurone layer in the mobilization process (Fig. 162). Assimila­
tion of degraded endosperm starch and protein appeared to occur via the 
epithelium cells of the scutellum, which elongated greatly during germi­
nation (Fig. 163). 
Enzymatic Digestion Studies 
Endosperms obtained from seed lot 44 were more susceptible to a-
amylase digestion than those obtained from seed lot 83 (Table 8). 
Although comparisons are difficult to make due to differing digestion 
periods, length of protease digestion appeared to have no significant 
effect on the endosperm's subsequent susceptibility to «-amylase diges­
tion. Scanning electron microscope observations of digested endosperms 
were in general agreement with these trends (Figs. 164-173). Cryofrac-
tures of control endosperms showed no evidence of digestion, but a small 
fissure was frequently observed in the center of the starch grains (Figs. 
164-165). This cavity corresponds to the hilum of the grain and is 
typically found in most plant starch grains (Kerr, 1950). Endosperm 
starch grain digestion was clearly evident after 24-27 hr of digestion 
by a-amylase (Figs. 166-167, 170-171). The surface of starch grains 
exhibited small pin-holes (Fig. 167) or concentric indentations (Fig. 
170), but otherwise appeared intact. The majority of digestion had 
occurred within the central cavity of the grain itself (Figs. 166-167, 
170-171). After about 53 hr of digestion with a-amylase, surface pitting 
Figs. 164-165. Cryofractures of central endosperm region of caryopses 
from seed lots 83 and 44, respectively. Endosperms 
were incubated 24 hr at 37° C in 10 mM citrate buffer 
containing 10 mM CaCl2 and 0.02% (w/v) sodium azide. 
X4,200 
Figs. 166-169. Cryofractures of central endosperm region of caryopses 
digested with ot-amylase after 24 hr digestion with 
protease. Methods were the same as described in 
Table 8. X3,000 
166-167. Endosperms digested with «-amylase for 24.5 hr from 
seed lots 83 and 44, respectively 
168-169. Endosperms digested with ot-amylase for 54.5 hr from 
seed lots 83 and 44, respectively 
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Figs. 170-173. Cryofractures of central endosperm region of caryopses 
digested with a-amylase after 46 hr digestion with 
protease. Methods were the same as described in 
Table 8. X3,000 
170-171. Endosperms digested with «-amylase for 27.3 hr from 
seed lots 83 and 44, respectively 
172-173. Endosperms digested with a-amylase for 53.3 hr from 
seed lots 83 and 44, respectively 
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Table 8. «-Amylase digestion of intact embryoless endosperms of yellow 
foxtail after protease digestion. Five endosperms (embryos 
excised) were incubated for either 24 or 48 hr at 37° C in 
2.0 ml of a 10 mM HEPES buffer pH 7.6 containing 0.25 mg pro­
tease/ml and 0.02% (w/v) sodium azide. Endosperms were then 
rinsed (3X) with water and incubated for the time intervals 
indicated in 2.0 ml of a 10 mM citrate buffer pH 5.4 containing 
0.25 mg a-amylase/ml, 10 mM CaCl2, and 0.02% (w/v) sodium azide 
Protease digestion prior to amylase (hr) 
24  ^
Amylase digestion (hr) 
Seed lot 24.5 54.5 27.3 53.3 
Reducing sugar released  ^
(^ g/mg endosperm fresh weight) 
83 67.5 a 154.9 b 82.1 a 152.5 b 
44 88.5 a 204.0 c 104.6 a 224.9 c 
Means within each protease treatment for any given effect compari­
son followed by a common letter are not significantly different at the 
0.05 level according to Duncan's multiple range test. 
was more extensive but the outer layers of individual grains were still 
largely intact (Fig. 173). Surface pitting corresponded to ever widening 
channels of digestion into the center of the grains (Figs. 168-169). 
The interior of many starch grains after about 53 hr of ot-amylase diges­
tion was greatly eroded (Figs. 169, 173). Concentric laminations within 
the granules themselves were clearly visible and were indicative of 
selective enzymatic digestion (Figs. 168-169). Digestion of endosperms 
from yellow foxtail seed lot 83 followed the same trends as those of 
yellow foxtail seed lot 44 except to a lesser degree (Figs. 166, 168, 
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170, 172). 
Time-course study of digestion of endosperms with «-amylase indi­
cated that the differences in susceptibility to digestion were evident 
from the onset and increased with time (Fig. 174). Protease digestion 
(24 hr) prior to digestion with a-amylase (Fig. 175) appeared to have 
little effect on the subsequent rate of a-amylase digestion (compare 
Fig. 175 with Fig. 174). 
As with intact endosperms, the rate of digestion by a-amylase was 
different for starch grains isolated from caryopses of yellow foxtail 
seed lots 44 and 83 (Fig. 176). This demonstrated clearly that the 
difference in starch susceptibilities to a-amylase between these two 
seed lots was associated with the starch grains themselves and not with 
their embedment in the endosperm's proteinaceous matrix. In addition, 
the pattern of digestion of isolated starch grains was different than 
that observed with intact endosperms (Fig. 176). Periods of rapid diges­
tion were followed by periods of slower digestion in a repeating cycle. 
Protease digestion of starch grains partially digested with a-amylase 
essentially eliminated this cyclical rate pattern when the same starch 
grains were subsequently digested with «-amylase (Fig. 176). 
Scanning electron microscope observations of isolated starch grains 
digested with a-amylase for various lengths of time indicated that the 
pattern of digestion was similar to that observed for starch grains in 
the intact endosperm (Figs. 177-182). It was observed also that starch 
grains digested for long periods tended to have a rougher surface appear­
ance than those digested for shorter intervals (Fig. 181). 
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Fig. 174. (X-Amylase digestion of intact embryoless endosperms of 
yellow foxtail. Five endosperms (embryos excised) were 
incubated for various time intervals at 37° C in 2.0 ml 
of a 10 mM citrate buffer pH 5.4 containing 0.25 mg 
a-amylase/ml, 10 mM CaCl2, 0.02% (w/v) sodium azide. 
Catalysis was stopped by the addition of 0.5 ml of 1.65% 
(w/v) sodium tungstate 
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Fig. 175. a-Amylase digestion of intact embryoless endosperms of 
yellow foxtail after protease digestion. Five endosperms 
(embryos excised) were incubated for 24 hr at 37° C in 
2.0 ml of a 10 mM HEPES buffer pH 7.6 containing 0.25 mg 
protease/ml and 0.02% sodium azide. Endosperms were then 
rinsed (3X) with water and incubated for various time 
intervals at 37° C in 2.0 ml of a 10 mM citrate buffer 
pH 5.4 containing 0.25 mg a-amylase/ml, 10 mM CaCl2, and 
0.02% (w/v) sodium azide. Catalysis was stopped by the 
addition of 0.5 ml of 1.65% (w/v) sodium tungstate 
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Fig. 176. Effect of protease on the pattern of digestion by 
d-amylase of isolated starch grains from yellow foxtail 
endosperms. Starch grains (2.4 mg) were incubated for 
various time Intervals at 37° C in 2.0 ml of 10 mM citrate 
buffer pH 5.4 containing 50 pg a-amylase/ml, 10 mM CaCl2, 
and 0.02% (w/v) sodium azlde. Catalysis was stopped by 
the addition of 0.5 ml of 1.65% (w/v) sodium tungstate. 
At point indicated by arrow, catalysis was stopped and 
starch grains were rinsed (3X) with water. The starch 
grains were then incubated for 24 hr at 37° C in 2.0 ml 
of 10 mM HEPES buffer containing 50 pg protease/ml and 
0.2% (w/v) sodium azlde. Starch grains from seed lots 
44 and 83 treated with protease for 24 hr released 7.9 
and 4.5 pg of reducing sugar, respectively. Protease 
treated starch grains were then rinsed (3X) with water 
again and incubated with a-amylase as before 
Figs. 177-182. a-Amylase digestion of isolated starch grains from 
yellow foxtail endosperms. Starch grains were digested 
with a-amylase alone as described in Fig. 176. 
X4,200 
177-178. Untreated starch grains from caryopsis endosperms of 
seed lots 83 and 44, respectively 
179-180. Starch grains digested in a-amylase for 58.5 hr from 
caryopsis endosperms of seed lots 83 and 44, respec­
tively 
181-182. Starch grains digested in a-amylase for 107 hr from 
caryopsis endosperms of seed lots 83 and 44, respec­
tively 
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The susceptibility of stratified endosperms from yellow foxtail 
seed lot 83 to a-amylase digestion remained constant while the level of 
germination increased from about 3 to 84% over an eleven-week period of 
stratification (Figs. 183-184). This suggested that the relative level 
of dormancy of this yellow foxtail seed lot was merely coincidental to 
the relative susceptibility of its endosperm starch to a-amylase diges­
tion. 
Fig. 183. Effect of stratification at 7° C on the susceptibility of 
intact embryoless endosperms from yellow foxtail seed lot 
83 to a-amylase digestion. Five endosperms were excised 
from stratified florets and incubated for 39 hr at 37° C 
in 2.0 ml of a 10 mM citrate buffer pH 5.4 containing 0.25 
mg a-amylase/ml, 10 mM CaClg, and 0.02% (w/v) sodium azide. 
Catalysis was stopped by the addition of 0.5 ml of 1.65% 
(w/v) sodium tungstate 
Fig. 184. Effect of stratification at 7° C on the subsequent germi­
nation at 25° C of florets from yellow foxtail seed lot 
83. Data are the same as in Part III, Fig. 153 
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DISCUSSION 
Results from this study indicate that the relative level of sus­
ceptibility of endosperm starch to «-amylase digestion is not a contrib­
uting factor to innate dormancy in yellow foxtail caryopses. Innate 
dormancy can be overcome via stratification without affecting the sus­
ceptibility of endosperm starch to «-amylase digestion (Figs. 183-184). 
Thus, the differences between the dormant and nondormant yellow foxtail 
seed lots in terms of the susceptibility of their endosperm starch to 
a-amylase digestion would appear to be purely coincidental. These par­
ticular experiments also indicated indirectly the status of endosperm 
reducing sugar content during stratification. Since the total measure 
of reducing sugars was cumulative (Fig. 183), a small portion of the 
total would represent endogenous levels of reducing sugar prior to the 
addition of a-amylase. The fact that the total reducing sugar level 
after 39 hr treatment with a-amylase was independent of the length of 
stratification strongly suggests that the inital endogenous levels were 
also constant. This could be interpreted in several ways. A lack of 
increase in endogenous endosperm reducing sugar content during stratifi­
cation might indicate that mobilization of endosperm reserves had not 
been initiated by the embryo. Such an interpretation would suggest that 
the increase in the content of sucrose and reducing sugar observed during 
stratification of entire florets in Part III of this study (Fig. 153) 
were restricted to the embryo. Alternately, if mobilization of endosperm 
reserves is initiated during stratification, a low reducing sugar content 
in the endosperm would suggest that degradation end-products (e.g., 
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maltose and glucose) are rapidly assimilated by the embryo. There is no 
evidence to support the hypothesis that the endogenous levels of endo­
sperm reducing sugar increased during stratification, and that this 
increase was obscured by the development of a greater resistance of the 
starch itself to amylolytic degradation. Further work is needed to 
resolve which explanation, if any of these, is correct. 
The differences between these two yellow foxtail in terms of their 
endosperm starch susceptibility to amylolytic attack were shown to be 
associated with the granules themselves and not with their embedment in 
the endosperm's proteinaceous matrix, which has been claimed for sorghum 
(Sullins and Rooney, 1974, 1975). This result suggests that the starch 
granules from the different seed lots are structurally different, reflect­
ing a different genetic constitution and maturation environment of the 
endosperms in which they were formed. This would be entirely plausible, 
since these seed lots were collected in different years from similar, 
but spatially separated environments. Many investigators have agreed 
that hydrogen-bond interactions within the starch granule itself appear 
to determine the relative resistance to amylolytic digestion (Booher, 
Behan, and McMeans, 1951; Sandstedt et al., 1962, 1968). Exactly how 
this hydrogen-bonding would effect raw starch digestion is unclear, but 
presumably it would involve some sort of steric hindrance of the amylo­
lytic enzymes. Current models of starch granule structure are too incom­
plete to indicate how this might occur (Frey-Wyssling and Miihlethaler, 
1965; Nikuni, 1978), even though considerable progress has been made in 
elucidating the structure of amylose and amylopectin (French, 1975; 
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Robin et al., 1975; Sarko and Wu, 1978). 
Scanning electron microscopic observations made in this study con­
cerning the pattern of starch granule digestion are in agreement with 
previous studies (Gallant et al., 1973; Maeda, Kiribuchi, and Nakamura, 
1978; Nikuni, 1978). Specifically, granule digestion was initiated by 
localized enzymatic penetration of the granule surface. Further degrada­
tion consisted of both radial and tangential channeling into the hilum 
region. The granule core was then rapidly, but selectively, digested 
exposing more resistant areas as concentric laminations of material. 
The outermost layers were the most resistant to degradation and apparently 
composed of highly crystalline material since even small fragments of 
this material retained their birefringence when viewed under polarized 
light. 
The cyclic pattern of digestion of isolated starch grains by 
a-amylase was absent from the pattern observed for the intact endosperm. 
This discrepancy is probably best explained by noting that, in the 
intact endosperm, granule digestion was delayed in the interior regions 
relative to those near the surface. Since different parts of the endo­
sperm were undergoing different stages of digestion, the cyclic pattern 
of digestion observed with isolated granules was probably obscured by 
an averaging effect. 
The lack of uniformity in the pattern of digestion of Isolated 
starch grains reflects presumably some unknown rate-limiting process 
encountered during amylolytic digestion. It is clear that whatever the 
nature of this rate-limiting process, it was removed by treating the 
starch granules with the bovine pancreatic protease preparation. Whether 
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this represents an effect of the protease itself or some contaminating 
enzyme present in the crude preparation is uncertain. The bovine pan­
creatic protease preparation did contain some amylolytic activity (Fig, 
176), and it was known that the Sigma a-amylase preparation contained 
several proteases (D. J. Huber, Iowa State University, personal communi­
cation, 1978). In fact, this latter preparation has been used as a 
source of other enzymes such as B-glucanase (Huber and Nevins, 1977). 
Thus, speculation as to the nature of the rate-limiting process should 
perhaps be deferred until this phenomenon can be studied under more 
controlled conditions. However, Liidtke (1976) has demonstrated that 
protein appears to form a structural part of potato, maize, and rice 
starch. Similar conclusions were reached by Erlander, McGuire, and 
Dimler (1965) after they observed that the molecular weight of maize 
amylopectin can be reduced by treatment with a protease from Streptomyces 
griseus. Although these investigators did not localize this protein in 
the starch granule, the observations of Kassenbeck (1975) suggest it 
may occur as fine concentric layers near the granule surface. 
Microscopic observations made in this study suggest the epithelium 
layer of the scutellum is the primary site of starch degradation in the 
endosperm during the early stages of germination of intact yellow foxtail 
caryopses. During later stages, starch degradation was also evident in 
peripheral areas of the endosperm, indicative of a greater involvement 
of the aleurone layer in the mobilization process. These patterns of 
endosperm digestion in germinating yellow foxtail are consistent with 
the patterns observed in rice by Okamoto and Akazawa (1979). They 
reported that, in germinating rice caryopses, ^  novo synthesis and 
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secretion of amylases was first initiated in the epithelium layer of 
the scutellum in response to gibberellic acid production in the embryo 
axis. They also co-eluded that, during the latter stages of germination, 
gibberellic acid apparently diffused from the embryo to the aleurone 
layer initiating the novo synthesis of additional amylase molecules 
in that tissue as well. 
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SUMMARY AND CONCLUSIONS 
Results from this study can be summarized with a hypothesis that 
embryo starch serves as the initial source of carbohydrate during imbi­
bition and that germination cannot occur if the physiological conditions 
of the embryo do not favor its conversion to sucrose. This hypothesis 
thus proposes that caryopsis dormancy in yellow foxtail can be explained 
by a physiological block at a pivotal point in carbohydrate metabolism, 
i.e., the conversion of embryo starch to sucrose. Such a hypothesis 
necessitates an a priori assumption that metabolic events leading to 
germination are dependent on carbohydrate metabolism. This hypothesis 
is consistent with caryopsis dormancy release by the techniques of 
stratification and embryo excision. It was demonstrated that, during 
stratification, which is known to be the primary mechanism of caryopsis 
dormancy release in the natural environment, physiological conditions 
were favorable for the vivo synthesis of sucrose at the expense of 
embryo starch. Presumably, imbibition at higher temperatures does not 
result in germination because physiological conditions in the embryo 
do not favor conversion of embryo starch to sucrose. However, it was 
demonstrated that germination of excised embryos from dormant caryopses 
occurred without stratification if sugars were supplied exogenously. 
In terms of the hypothesis presented above, this result can be interpreted 
if one assumes that exogenously supplied sugar would simply bypass the 
conversion of embryo starch to sucrose. The fact that excised embryos 
from dormant caryopses germinated readily in the presence of sugars 
suggests that, apart from the hypothesized physiological block involving 
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the conversion of embryo starch to sucrose, dormancy cannot be attributed 
to true metabolic blocks at other points in carbohydrate metabolism. It 
is significant that dormancy release was mediated by sugar alone, since 
this suggests that other aspects of embryo metabolism as well as their 
controlling factors (e.g., hormones) were present and nonlimiting to 
germination otherwise. 
A limitation of the supply of sucrose to the embryo during imbibi­
tion would certainly retard severely anabolic processes leading up to 
germination. As demonstrated in this study, degradation of embryo tri-
acylglyceride occurred relatively late during imbibition and was preceded 
by the appearance of an alkaline lipase. Since this enzyme was not 
present in the unimbibed caryopsis, its dramatic appearance suggests 
that it was synthesized ^  novo in germinating caryopses. The 
failure to observe the appearance of an alkaline lipase in imbibed dormant 
caryopses suggests that its synthesis was prevented. This would be 
expected if one assumed that the supply of sucrose was limited in the 
embryo of a dormant caryopsis. 
Finally, the hypothesis proposed above suggests that the endosperm 
does not play a role in caryopsis dormancy in yellow foxtail. This sup­
position agrees with the results obtained in this study. It was demon­
strated that differences in the susceptibility of endosperm starch to 
amylolytic digestion were unrelated to the dormancy status of a caryopsis. 
It was concluded that other factors such as endosperm genotype were pri­
marily responsible for these differences. Results from this study suggest 
also that the degradation of endosperm starch was not initiated during 
262 
stratification and thus was not involved in dormancy release by this 
procedure. 
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APPENDIX A. STATISTICAL ANALYSIS FOR PART I 
Table Al. Analysis of variance for experiment concerning effect of  ^
potassium nitrate on the germination of yellow foxtail seed 
Source df a b A GI 
MS 
Treatment 
Blocks 
Error 
X 10^ 2 X 10 
3 1.04* 2.90 483.76^*^ 27.80 99.79 
3 0.11 12.44 164.63 14.71 9.86 
9 0.13 10.70 146.09 35.23 32.16 
(*) 
R^efers to Part I, Tablé 1. 
 ^^ Significant at the 10% level. 
Significant at the 5% level. 
Table A2. Prediction equations for effect of potassium nitrate on the 
cumulative percent germination of yellow foxtail seed* 
[KNOg]^  Prediction equation^  R^  
(mM) 
0 y = -25.17 + 14.61X - 0.69x2 0.80 
10 y = -37.16 + 21.28X - 1.08x2 0.91 
25 y = -40.78 + 15.31X - 0.06x3 0.89 
50 y = -11.29 + 5.83X 0.62 
R^efers to Part 1, Fig. 2. 
F^actor predicted, y. 
°x equals days after onset of imbibition. Equation is based on 
pooled observations. 
Table A3. Prediction equation analysis of variance for experiment concerning effect of potassium 
nitrate on the cumulative percent germination of yellow foxtail seed* 
rKNO^ tl. mM 
Source 0 10 25 50 
df MS df MS df MS df MS 
Model^  2 5106. 09** 2 9002. 75** 2 5274.44** 1 5716. 66** 
Residuals 33 79. 26 33 57. 24 29 41.61 30 115. 96 
(Lack of fit) 4 153. 32 4 50. 63 4 27.61 5 69. 36 
(Pure error) 29 89. 24 29 63. 39 25 43.85 25 125. 28 
R^efers to Appendix A, Table A2. 
M^odel was arbitrarily limited to sixth degree polynomial. 
** 
Significant at the 1/i level. 
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APPENDIX B. STATISTICAL ANALYSIS FOR PART II 
Table Bl. Analysis of variance for experiments concerning fresh weight changes, dry weight changes, 
and isopropanol extract weight changes (before and after Sephadex G-25) during germination 
of yellow foxtail caryopses from seed lots 44 and 83^  
Source df 
Fresh weight Dry weight 
Isopropanol 
extract 
weight 
Isopropanol 
extract weight 
after 
Sepadex G-25 
MS X 10"^ MS X 10"^  MS X 10"2 df MS X 10"^ 
Main plots 
Rep 2 0.17 0,32 13.02 1 13.46 
Seed lot 1 1515.43** 3.94 254.07** 1 0.74 
Main plot error 2 0.16 0.02 2.28 1 61.85 
Sub-plots 
Day 6 225.93** 2.77** 18.91* 6 0.12 
Seed lot x day 6 222.67** 1.33** 22.52* 6 2.24 
Sub-plot error 24 1.39 0.12 3.98 12 25.23 
R^efers to Part II, Fig. 17. 
ic 
significant at the 5% level. 
** 
Significant at the 1% level. 
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Table B2. Analysis of variance for experiment concerning free fatty acid 
content changes during germination of yellow foxtail caryopses 
from seed lots 44 and 83^  
3 
Source df MS x 10 
Main plots 
Rep 
Seed lot 
Main plot error 
Sub-plots 
Day 
Seed lot x day 
Sub-plot error 
Sub-sub-plots 
Sub-sample 
Seed lot x sub-sample 
Seed lot x sub-sample x day 
Sub-sub-plot error 
2 15.95 
1 813.77** 
2 10.49 
6 140.87** 
6 120.78** 
24 13.09 
3 0.97** 
3 0.22 
18 0.48** 
18 0.48** 
84 0.16 
R^efers to Part II, Fig. 19. 
** 
Significant at the \U level. 
Table B3. Analysis of variance for experiment concerning fatty acid composition of total saponifi-
able lipid of yellow foxtail caryopses^  
Fatty acid classes^  
16:0 18:0 18:1 18:2 18:3 Total 
Mean squares 
Source df x 10^  x 10^  x 10^  x 10^  x 10^  x 10^  
Main plots 
Rep 1 80, .24 240. 85 50. 60 40. ,50 63, ,34 52. 16 
Seed lot 1 1, 14 587. 52 1493. 14 71. ,53 310, 74 129. 03 
Main plot error 1 33. ,26 44. 81 63. 60 34. ,45 5. ,18 32. 42 
Sub-plots 
Day 6 344, 83 62. 97 463. 39 43. ,69 18. 56 67. 80 
Seed lot x day 6 667. 19 69. 51 457. 92 32. ,31 5. ,71 44. 28 
Sub-plot error 12 1687. 73 24. 39 364-01 27. 85 7. 91 48. 42 
R^efers to Part II, Table 5. 
A^s chain length:number of sites of unsaturation. 
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Table B4. Analysis of variance for experiment concerning lipase activity 
of yellow foxtail caryopses* 
Source df MS x 10^  
Main plots 
Rep 
Seed lot 
Main plot error 
Sub-plots 
pH 
Seed lot x pH 
Sub-plot error 
Sub-sub-plots 
Day 
Seed lot x day 
pH X day 
Seed lot x pH x day 
Sub-sub-plot error 
R^efers to Part II, Fig. 18. 
•Significant at the 5% level. 
** 
Significant at the 1% level. 
1 1371.5* 
1  2 . 6  
1 4.4 
2 418.9* 
2 379.8* 
4 29.8 
5 418.8** 
5 386.1** 
10 136.4** 
10 129.2* 
30 44.1 
Table B5. Prediction equations for cumulative germination, fresh weight changes, dry weight changes, 
isopropanol extract weight changes, free fatty acid content changes, and lipase activity 
Seed lot Factor predicted (^ ) Prediction equation* R2 
44 
83 
Cumulative percent germination^  
Cumulative percent germination 
y = 
y = 
-58.4 + 67.4x - 8.4x^ + 0.04x^ 
-0.52 + 0.34x 
0.97 
0.71 
44 
44 
Fresh weight (mg/caryopsis)^  
Dry weight (mg/caryopsis)*^  
y = 
y = 
0.22 + 0.05X + 0.002x4 _ g g ^ 
0.19 + 2.65 X 10-4x3 + 6.30 x lO'^x® 
0.98 
0.72 
44 
44 
Isopropanol extract (mg/caryopsis)^   ^
Free fatty acid content (pg/caryopsis) 
y = 
9 = 
28.0 + 0.529x2 - 2.82 x lO'^x* 
158.4 + 622.70x 
0.58 
0.68 
44 
44 
2 A 
Lipase, pH 9 (diam.g/jjg acetone powder) 
Lipase, pH 7 (diam. Iy.% acetone powder)® 
y = 
9 = 
-0.185 + 0.174x2 
0.375 + 0.012x3 
0.82 
0.82 
= days after onset of imbibition, based on polled observations. 
b 
Refers to Part II, Fig. 16. 
^^ Refers to Part II, Fig. 17. 
defers to Part II, Fig. 19. 
R^efers to Part II, Fig, 18. 
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Table B6. Prediction equation analysis of variance for experiment con­
cerning cumulative percent germination of yellow foxtail 
caryopses from seed lots 44 and 83^  
Seed lot 
44 83 
Source df MS X 10"^  df MS 
Model 3 119.74** 1 24.00** 
Residuals 31 0.32 38 0.26 
(Lack of fit) 3 0.92* 5 0.75* 
(Pure error) 28 0.26 33 0.19 
R^efers to Appendix B, Table B5. 
Significant at the 5% level. 
** 
Significant at the 1% level. 
Table B7. Prediction equation analysis of variance for experiments con­
cerning changes In yellow foxtail seed lot 44 fresh weight, 
dry weight, Isopropanol extract weight and free fatty acid 
content during first six days after imbibition onset* 
Isopropanol 
extract Free fatty 
Fresh weight Dry weight weight acid content 
df MS X 10 df MS X ; 10 ^  df MS df MS X 10 
Model 3 949.12** 2 11. 66** 2 104.36** 1 325.72** 
Residuals 17 2.97 18 0. 11 18 8.30 19 8.14 
(Lack of fit) 3 5.51 4 0. 22 4 8.70 5 13.12 
(Pure error) 14 2.42 14 0. 14 14 8.20 14 6.36 
R^efers to Appendix B, Table B5. 
** 
Significant at the 1% level. 
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Table B8. Predication equation analysis of variance for experiment con­
cerning yellow foxtail seed lot 44 lipase activity during the 
first six days after imbibition onset® 
Source df 
oH 7 
MS X 10  ^
oH 9 
MS X 10  ^
Model 1 956.6** 562.7** 
Residuals 10 21.1 12.7 
(Lack of fit) 4 8.7 0.9 
(Pure error) 6 29.3 20.6 
R^efers to Appendix B, Table B5. 
** 
Significant at the 1% level. 
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APPENDIX C. STATISTICAL ANALYSIS FOR PART III 
Table CI. Analysis of variance for experiment concerning accelerated 
after-ripening of yellow foxtail seed lot 83® 
Source^  df MS 
Rep 2 158.86 
Temperature 1 19.27 
Period 4 911.17** 
Illumination 1 2088.60** 
Temperature x period 4 173.10 
Illumination x temperature 1 0.07 
Illumination x period 4 310.10* 
Error 42 116.55 
R^efers to Part III, Fig. 22. 
T^emperature refers to after-ripening temperature, period refers to 
length of after-ripening treatment, and illumination refers to illumina­
tion conditions during germination test subsequent to after-ripening 
treatment. 
* 
Significant at the 5% level. 
** 
Significant at the 1% level. 
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Table C2. Analysis of variance for experiment concerning effect of 
medium composition on the germination of excised yellow foxtail 
embryos 
Source df 
Effect of medium 
composition on  ^
embryo germination 
MS 
Effect of medium 
carbohydrate on 
embryo germination 
MS 
Rep 1 148.35 159.08 
Treatment 7 3049.34** 1907.89** 
Error 7 130.07 85.48 
R^efers to Part III, Table 6; based on arcsin transformed observations. 
R^efers to Part III, Table 7; based on arcsin transformed observations. 
** 
Significant at the 1% level. 
Table C3. Analysis of variance for experiments concerning stratification 
effects on floret total reducing and sucrose content and germi­
nation of yellow foxtail seed lot 83^  
Source df 
Stratification 
effects on 
floret reducing 
sugar content 
MS X 10"^  
Stratification 
effects on 
floret sucrose 
content 
MS X lO' 
Stratification 
effects on 
germination 
MS 
Rep 1 4. 84 0.31 107. 56* 
Stratification (wks) 8 257. 72** 153.99* 2373, ,50** 
Error 8 14. 56 26.37 16, .05 
** 
Refers to Part III, Fig. 153. 
Significant at the 5% level. 
Significant at the 1% level,. 
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Table C4. Prediction equations for experiments concerning stratification 
effects on total floret reducing and sucrose content and 
germination of yellow foxtail seed lot 83® 
Factor predicted (^ ) Prediction equation R 
Reducing sugar content  ^= 59.93 + 138.87x - 10.86x^  0.83 
Sucrose content  ^= 1233.41 + 64.10x 0.66 
Germination  ^= 4.6 - 1.3x^  + 0.25x? - 5.05 x 10 ^ x^  0.99 
R^efers to Part III, Table 153. 
x^ = weeks of stratification. 
Table C5. Prediction equation analysis of variance for stratification 
effects on total floret reducing and sucrose content and 
germination of yellow foxtail seed lot 83® 
Source 
Stratification 
effects on 
floret reducing 
sugar content 
Stratification 
effects on 
floret sucrose 
content 
Stratification 
effects on 
germination 
df MS X 10^  df MS X 10^  df MS 
Model 2 928.35** 1 955.93** 3 6322.25** 
Residuals 15 24.67 16 30.45 14 18.37 
(Lack of fit) 6 34.18 7 39.42 4 4.50 
(Pure error) 9 18.32 9 23.47 10 23.92 
R^efers to Appendix C, Table C4. 
** 
Significant at the 1% level. 
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APPENDIX D. STATISTICAL ANALYSIS FOR PART IV 
Table Dl. Analysis of variance for experiment concerning «-amylase 
digestion of Intact embryoless endosperms of yellow foxtail 
after protease digestion 
Protease digestion prior to a-amylase (hr) 
Source df 
24 
MS X 10% 
46 
MS X 10^  
Rep 1 4.91 0.04 
Amylase (hr) 1 205.84** 181.88** 
Seed lot 1 24.56* 45.14** 
Amylase x seed lot 1 3.96 12.38* 
Error 3 1.34 0.94 
R^efers to Part IV, Table 8. 
* 
Significant at the 5% level. 
Significant at the 1% level. 
Table D2. Analysis of variance for experiments concerning amylolytic digestion of intact endosperms 
and isolated starch grains 
a-Amylase digestion 
a-Amylase digestion of intact embryoless 
of intact embryoless endosperms after 24 hr a-Amylase digestion 
endosperms^  protease digestion^  of starch grains^  
Source df MS df MS x 10^  df MS x 10^  
Rep 1 1.48 1 1. 83 1 24.50* 
Seed lot 1 1913.07** 1 118. 48** 1 1123.79** 
Digestion (days) 11 7145.55** 7 556. 95** 11 1073.35** 
Lot X digestion 11 284.52** 7 17. 39** 11 27.33** 
Error 23 34.79 15 0. 42 23 4.61 
defers to Part IV, Fig. 174 
R^efers to Part IV, Fig, 175. 
R^efers to Part IV, Fig. 176. 
Significant at the 5% level. 
Significant at the 1% level. 
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Table D3. Analysis of variance for stratification effects on suscepti­
bility of endosperm starch to amylase digestion* 
Source df MS 
Rep 1 32.82 
Stratification (*rics) 7 182.88* 
Error 7 22.65 
R^efers to Part IV, Fig. 183. 
Significant at the 5% level. 
Table D4. Predication equations for experiments concerning amylolytic digestion of Intact endo­
sperms and Isolated starch grains 
Seed lot Factor predicted (y) Prediction equation^  R2 
44 a-Any 1ase digestion of endosperms^  y = -0.41 + 35.9x + 13.ix^  0.99 
83 a-Amylase digestion of endosperms^  y = 2.6 + 30.7x2 _ 0.23 il 0.98 
44 a-Amylase digestion of endosperms after protease^  y = -1.8 + 56.5x + 1.3x? 0.99 
83 a-Amylase digestion of endosperms after protease^  y = 8.2 + 25.8x2 _ 2.97X^  0.99 
44 a-Amylase digestion of starch grains after protease^  y = 57.5 + 27.Ox 0.99 
83 a-Amylase digestion of starch grains after protease^  y = 16.4 + 25.4x 0.99 
= digestion (days). 
R^efers to Part IV, Fig, 174. 
*^ Refers to Part IV, Fig. 175. 
defers to Part IV, Fig. 176. 
Table D5, Prediction equation analysis of variance for amylolytic digestion of intact endosperms 
of yellow foxtail* 
a-Amylase digestion of 
intact embiryoless endosperms 
a-Amylase digestion of 
intact embryoless endosperms 
after 24 hr protease 
Source df MS -1 X 10 df MS X 10"^ 
Lot 44 Lot 83 Lot 44 Lot 83 
Model 2 1485.54** 735.97** 2 13,351.78** 6703. 58** 
Residuals 11 2.49 2.99 13 8.82 5. 09 
(Lack of fit) 4 3.48 0.28 • 5 9.69 8. 98 
(Pure error) 7 1.90 4.55 8 8.28 2. 67 
R^efers to Appendix D, Table D4. 
** 
Significant at the 1% level. 
Table D6. Test of hypothesis of equal slopes for linear regressions on (1) a-amylase digestion of 
starch grains and (2) a-amylase digestion of starch grains after 24 hr protease digestion 
for yellow foxtail seed lots 44 and 83^  
3**4 Hypothesis» stltL'tic'^  lf-'l4) "^^ clusion 
44 • Hgig-amylase after protease = g-amylase 3.44 2.145 Reject 
83 H^ ig-amylase after protease = B-amylase 1.59 2.145 Accept 
R^efers to Part IV, Fig. 176. 
L^inear regression equations for a-amylase digestion of starch grains from seed lots 44 and 83 
were y = 54.86 + 39.29x and y = 32.06 + 30.07x, respectively. Equations were derived from data 
between interval 1.04 and 4.45 days. 
'^ Based on standard error calculated from a-amylase digestion of starch grains after 24 hr 
protease digestion error mean square. 
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APPENDIX E. KEY TO FIGURES 
At aleurone layer 
C caryopsis coat 
Cp coleoptlle 
Cr coleorhiza 
E embryo 
En - endosperm 
Ep epithelium layer (of scutellum) 
G globoid 
L lipid body 
N nucleus 
P protein body 
Pr pericycle 
Px protoxylem 
R radicle 
Sc scutellum 
St starch granule 
